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Design Methodology and Experimental Investigation of a Multiple-Inlet 
BIPV/T System in a Curtain Wall Facade Assembly and Roof Application 
 Building-integrated photovoltaic (BIPV) technologies are becoming a competitive 
alternative to traditional claddings as the building industry looks toward renewables for local 
energy sources. An advancement of the BIPV is the building-integrated photovoltaic/thermal 
(BIPV/T) system, which harvests excess heat produced by the photovoltaic panels and transfers it 
to a medium for useful energy. For application on large scale facades, air-based BIPV/T systems 
can be used in low temperature applications. However, due to a lack of installation and 
maintenance guidelines as well as insufficient performance standardization, both technologies 
have yet to experience widespread implementation. Additionally, tools for determining potential 
energy generation during the early design phase are complex and not readily available. 
This thesis provides a discussion, analysis and comparison of recent advancements in BIPV 
and BIPV/T systems in order to assess architectural and energy performance considerations for 
full facade integration. A BIPV/T design methodology was developed based on the investigation 
of three novel case studies involving both roof and facade applications. Issues of constructability, 
building envelope requirements, material compatibility, and maintenance were addressed. 
Subsequently, guidelines for a BIPV/T performance standard were suggested. 
Linking this research to the established criteria of current building practices, a BIPV/T 
prototype was constructed, adopting a conventional curtain wall frame. Base characterization 
testing was conducted at the Solar Simulator and Environmental Chamber (SSEC) testing facility 
at Concordia University to assess the prototype’s electrical and thermal performance. Three 
different flow rates, the use of single or multiple inlets, and two different transparencies of 
photovoltaic modules were investigated for their effect on system performance. Results from the 
preliminary testing showed that the use of multiple inlets may increase the thermal output by up 
to 18%, decrease the peak photovoltaic (PV) temperatures by up to 3°C, and marginally increase 
the electrical output. While the experiments were a first step in confirming prototype functionality 
and for model verification purposes, there is a need to further explore the optimization of this 
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The building sector is currently responsible for more than 30% of the global energy 
consumption. Half of it is used for space heating and provided primarily by fossil fuels (IEA, 
2017). To meet an emission trajectory that would limit the global temperature increase to 2°C by 
2025, also known as the 2°C Scenario or 2DS, the International Energy Agency suggests a 32% 
increase in heat generation from renewable sources, which can be largely achieved with solar 
thermal heating (IEA, 2017).  
Throughout history, facades have always been designed with the intent of making a 
statement about the building, influenced by status and symbolism. In the modern day, some 
architects choose to design it with traditional materials as a stance against submersion into the 
digital word (Farkas et al., 2009). Others take advantage of this and design facades that are 
illuminated or are a result of parametric modeling, showing complex forms and textures. However, 
a high-performing building envelope is a necessary feature, regardless of the statement. As the 
building sector moves away from fossil fuel use, the incorporation of solar technologies into the 
enclosure is an innovative solution to on-site renewable energy generation. Conscientious in its 
nature, this method of design also places priority on a high quality building envelope. 
Every year, the earth receives 1.53 x 1018 KWh of solar radiation onto the surface of the 
atmosphere, or 1367 W/m2, making the sun the most abundant of all available energy sources on 
our planet (Reinhart, 2014). The world consumes energy at a rate much lower than this, averaging 
1.57 x 1014 KWh a year. Systems that convert solar energy from the sun into electricity 
(photovoltaics, or PV) as well as heat (solar thermal technologies) are expected to hold the largest 
share of renewable energy production. It is predicted that by 2050, the PV electricity generation 
will be close in cost to that of conventional power (Peng et al., 2011). Facing space restriction and 
competition for land coverage against other industries such as agriculture, ground-mounted PV 
arrays have their own set of challenges. Current practices for PV applications directly on buildings 
include primarily racked roof systems, as well as building-integrated photovoltaics (BIPV). Solar 
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thermal technologies include collectors on roofs and unglazed transpired collector (UTC) walls. 
BIPV and solar thermal applications are shown in Figure 1.1.  
  
Figure 1.1: BIPV roof application (left) and solar collectors on the Meusburger Production Hall in Austria 
(right) (Weller et al., 2010; Zhang et al., 2015) 
When a typical crystalline photovoltaic panel receives energy from the sun in the form of 
radiation, approximately 15-20% of that is converted to electricity, another 5-10% is reflected, 
(this value is usually lower due to antireflective coatings) and the remaining 75-80% or so is 
converted to heat. This excess heat leads to degradation of the PV module, decreasing electrical 
efficiency by up to 0.53%/°C (varying by PV technology) and causing thermal stresses (Athienitis 
et al., 2015; Chow, 2010). PV panels should maintain low operating temperatures, (generally lower 
than 70°C) prioritizing the high quality energy generation of electricity (Tonui and 
Tripanagnostopoulos, 2006).  
A building-integrated photovoltaic/thermal (BIPV/T) system combines production of 
electricity from the PV modules while removing much of the absorbed heat and directing it towards 
the building where it can be used, for example, to pre-heat the fresh air intake. Air, water or a 
glycol solution is typically used as the heat transfer fluid, and the concept of the system is derived 
from solar thermal collector technologies. As shown in Figure 1.2, for an incoming solar radiation 
level of 1000 W/m2 incident on the outer face of the system, 10% (or 100 W/m2) is reflected, 15% 
(or 150 W/m2) is converted to electricity, giving the PV modules an electrical efficiency of 0.15, 
another 20% is lost to the interior and exterior from heat transfer, and the remaining 55% (or 550 
W/m2) is collected as thermal energy.  It should be noted that this is an optimistic scenario, and 




Figure 1.2: Solar energy distribution in BIPV/T system (Bambara, 2012) 
Unfortunately, facade-integrated BIPV applications are much less prevalent in today’s 
market of PV systems installed directly on buildings. Aside from roof PV racks, the actual 
integration of BIPV and BIPV/T systems still has many barriers. In the architectural world, smart, 
energy-efficient buildings play a large role in the contemporary and future designs, but deliberate 
and methodical BIPV design is not at the forefront of this movement. PV products are not 
developed with a consideration of social, cultural and aesthetic issues, resulting in their being 
neglected by architects and property owners (Farkas et al., 2009). Design and construction 
guidelines for both BIPV and BIPV/T are not fully established, and there do not exist any standards 
which address the dual nature of the BIPV/T as both a building envelope component and a PV 
system. Many of these solar technologies are developed one unique project at a time, and therefore 
primarily have custom building applications, hindering their use on a wider scale. 
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1.2 Problem Statement 
The price of PV modules have been dropping following an exponential trend. In Renewable 
Power Generation Costs in 2017, a report published by the International Renewable Energy 
Agency (IRENA), the cost of PV electricity has dropped 73% since 2010, and now has a levelised 
cost of electricity (LCOE) of 0.10 USD per kWh with that of fossil fuels ranging from 0.05 USD 
to 0.17 USD (Figure 1.3). 
 
Figure 1.3: Global LCOE from utility-scale renewable power generation technologies, 2010 to 2017 (IRENA, 
2018). 
Another source, an outlook report by Bloomberg New Energy Finance, has estimated that 
the cost of solar has now matched that of coal in both the United States and Germany, and will do 
the same in India and China by 2021 (Shankleman and Warren, 2017). Global demand for PV 
power is predicted to be a record high of 113 GW in the year of 2018 (Hill, 2018). While still 
relatively uncommon compared to solar parks, BIPV systems are an established method of 
producing on-site electricity for buildings. With developments such as the BIPV/T, it is even 
possible to harvest the excess heat from the PV modules for useful energy gains, guaranteeing that 
they do not overheat and suffer performance loss. Research has shown advancements in optimizing 
the electrical and thermal performance of BIPV/T systems through comprehensive modeling and 




Conventional claddings for commercial and industrial buildings, unlike PV products, do 
not follow a technology price trend. Some of the materials used in these assemblies have increased 
in price due to limited availability. The step to replace these claddings with BIPV and BIPV/T 
systems is an obvious one in terms of both cost and the overarching need for renewable energy 
production. Despite this argument, most professionals in the building industry do not readily 
design with PV.  The reason for this is that accurate building integration is still quite undefined, 
especially for emerging technologies such as BIPV/T. The key to expanding the use and 
application of BIPV/T systems is to make them a competitive alternative to other cladding systems. 
In addition to providing electricity and useful heat, which has already been proven as a benefit, a 
BIPV/T system must outperform conventional facades in terms of thermal insulation, moisture 
resistance, durability, constructability and architectural options for color, texture, sizing, cost and 
more. With the assistance of clear guidelines and established standards, architects and builders can 
start designing with BIPV and BIPV/T not as an energy producing necessity, but as an architectural 
choice over conventional building elements, ultimately rendering them obsolete.  
1.3 Objectives 
This thesis aims to address the background, technological advancements, design, testing 
and construction of BIPV/T systems from the point of view of both architects and building 
envelope specialists. Based on this information, the objective is to develop an open-loop, air-based 
BIPV/T cladding system that uses a conventional curtain-wall design. The reason to use air as the 
fluid medium is that there is no leakage or freezing, and both maintenance costs and the weight of 
the system are significantly reduced. Open-loop systems operate at lower temperatures than 
closed-loop systems, improving durability and PV performance. 
The system should have an optimal design for electrical and thermal performance and 
fulfill the requirements of a building envelope. Air-based BIPV/T systems are best suited for large, 
uninterrupted opaque facade areas, which are commonly found on commercial buildings. The 
curtain wall (CW) facade assembly is frequently seen on such building typologies and is therefore 
used in this design.  
On a broader scale, the goal is to extend the idea of the curtain-wall BIPV/T system as an 
advantageous cladding choice for designers rather than presenting them with a customized feature 




Chapter 1 provides a background on the BIPV/T concept, the problem statement and main 
objectives of the work, and the scope of this thesis. 
Chapter 2 presents a literature review of BIPV and BIPV/T systems, focusing on information gaps 
related to building integration. The chapter also covers current practices and advancements in 
building claddings, and addresses the state of both PV and building standards. The research, 
experiments and projects are discussed, including architectural considerations. 
Based on the findings in Chapter 2, Chapter 3 highlights the key aspects of BIPV/T system 
performance as well as most relevant requirements for building claddings. Based on these main 
points, a BIPV/T cladding design is conceived and applied to several projects at a schematic level 
and the early design phase. Finally, considerations for a unified standard for BIPV/T claddings are 
proposed.  
Chapter 4 examines the design development and construction of a curtain wall BIPV/T prototype 
resulting from the iterations presented in Chapter 3. Attention is directed at the practical challenges 
of constructability and assembly of the cladding. 
Chapter 5 documents the experimental testing of the BIPV/T prototype carried out under controlled 
laboratory conditions in a solar simulator. The results for the series of base characterization tests 
are included. 
Chapter 6 summarizes the research findings, proposes guidelines for the design and construction 




2. Literature Review and Comparative Analysis of Technologies 
This chapter presents a review of BIPV and BIPV/T technologies and what is missing in 
terms of a systematic building integration approach. Current practices and advancements for 
building claddings, specifically curtain wall (CW) facades, are discussed and an overview of 
standards for both PVs and building enclosures is given. 
2.1 Background 
Systems which utilize solar radiation for the purpose of reducing energy needs in a building 
can be passive or active. Systems such as thermal storage walls and solar chimneys do not generate 
energy and are used as passive solar design strategies. Active technologies generate renewable 
energy and include building-integrated solar thermal (BIST) systems, building-integrated 
photovoltaic (BIPV) systems, and building-integrated photovoltaic thermal (BIPV/T) systems 
(Quesada et al., 2012).  
Solar thermal systems absorb and convert solar radiation to thermal energy, which can then 
be used for space heating or domestic hot water applications. One example is the unglazed 
transpired collector (UTC), which has a dark porous cladding that draws in air and heats it with 
the absorbed solar radiation. UTCs are well suited for preheating air for building ventilation 
systems, and with fan assistance can reach thermal efficiencies of 60% or more (Athienitis et al., 
2010). Another developed technology is a flat plate collector, which consists of an absorber plate 
with tubing. The absorber receives incident radiation, converting it to thermal energy, and transfers 
it to a fluid medium inside the tubing (Athienitis et al., 2015).  
BIPV systems generate local electricity and can be applied to any part of the building 
exterior, most commonly on the roof and facades. These systems have multiple roles in that they 
also replace the cladding components, becoming the barrier between the interior space and outdoor 
environment.  When a BIPV application also has solar thermal functionality, it is considered as a 
BIPV/T. A system that has some transparency and allows light to pass through is called semi-




Figure 2.1: BIPV, STPV, BIPV/T (air based), and BIPV/T (water based) schematics (Athienitis et al., 2015) 
Building-applied PV (BAPV) systems are similar to the BIPV concept in that they are also 
located on a building, but they do not replace the envelope or structural components. Instead, they 
are usually installed with typical framing that is used for conventional modules, most commonly 
as rack-mounted arrays (Figure 2.2). The framing is mechanically fastened to the structural 
members of the roof, creating perforations in the building envelope if needed.  In comparison to 
BIPV, BAPV systems are redundant by design and have the sole purpose of producing electricity. 
They will not be discussed in this study. 
 
Figure 2.2: Installed BAPV system (Peng et al., 2011) 
2.1.1 Photovoltaic Technology 
Silicon is the most common material used to make PV cells. It is processed with 
phosphorous and boron, which are semi-conductors. Light arriving from the sun in the form of 
solar radiation frees the electrons in these charged materials, allowing them to flow from the 
negative phosphorous to the positive boron. This produces a current, which is then harvested using 
a metal grid that covers the cell. 
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Of the materials to make PV cells, monocrystalline, polycrystalline and amorphous silicon 
is more popular than materials such as gallium arsenide (GaAs), cadmium telluride (CdTe), copper 
indium diselenide (CIS) and copper indium gallium selenide (CIGS). Monocrystalline silicon cells, 
made from the purest silicon, have the highest efficiency but are also high in cost. Polycrystalline 
cells, like monocrystalline, are categorized as wafer-based PV technologies (as opposed to 
amorphous and the non-silicon materials previously mentioned, all of which are thin-film), but are 
lower in price. Thin-film PVs were expected to increase in production, however wafer-based 
technologies were 92% of total PV production in 2014 (Scognamiglio, 2017).  PV cells are 
connected in series to form strings, and a PV module usually has several rows of them. When the 
strings are connected in parallel, they form arrays. These arrays transfer the electricity to 
components which convert it from DC to AC electricity (Jelle et al., 2012).  
A PV module consists of cells sandwiched between layers to protect them from the external 
environment. At the front, or the side directly facing the sun, and therefore exposed to the outdoors, 
there is a highly transparent cover made of glass or polymer. The back layer, or interior layer, is 
typically a polymer, but glass is also used (Figure 2.3). Between the cells and the front and 
backsheet is a material which acts as the direct encapsulant, typically ethylene vinyl acetate (EVA). 
The complete layered system is often held together at the perimeter with an aluminum frame for 
structural strength to resist snow and other loads and to reduce deflection that may cause cell 
cracks. 
 
Figure 2.3: Layers of a PV module (Blieske and Stollwerck, 2013) 
Warranties for PVs vary by manufacturer and range from 10 to 25 years for approximately 
90% to 80% of the original energy output (Jelle et al., 2012). In terms of durability, tests conducted 
on 25-year-old modules showed that they were supplying 75% of their original output, even though 
they had visible signs of ageing (browning effects, cell corrosion). The annual average degradation 
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is less than 0.5% (Melorose et al., 2015). PVs can last well beyond 25 years, but rapid deployment 
of new and improved technologies in the market make evaluation of their use beyond this duration 
irrelevant. 
One of the most important factors that affects the performance of PV technologies is the 
PV cell temperature. The electrical efficiency of the modules decreases as the cell temperature 
increases, and this can be as much as -0.53% for a change of 1°C. This means that a temperature 
increase of a PV module by 20°C can reduce the electrical production by 10% (Athienitis et al., 
2015). 
2.2 BIPV Overview 
BIPVs function as both the outer layer and weather barrier of the building enclosure, as 
well as an energy generating device, reducing the cost of cladding material and labor as well as 
the electricity needs of the building. Considered a key factor in the future success of PV technology 
development, there are four main options for building integration with opaque modules: sloped 
roofs, flat roofs, facades, and shading systems (Jelle et al., 2012). Semi-transparent PV (STPV) 
and transparent PV technologies are a developing field and are gaining attention in the field of 
fenestration. Most commonly, STPV modules consist of opaque PV cells spaced apart to allow a 
fraction of the solar radiation to pass through, making them especially useful where reduced or 
filtered sunlight is desired. Replacing a glazing product that is fritted or tinted, STPVs can reduce 
solar heat gain while producing electricity (Kapsis, 2016). STPV technologies can be applied to 
windows, curtain walls and skylights (Figure 2.4). There are also thin film technologies that have 
been developed for transparent STPV applications but they have much lower efficiencies than 
opaque ones. 
 
Figure 2.4: STPV skylight (“Skylight with Transparent Photovoltaic Glass,” n.d.)  
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The available BIPV products are typically categorized as tiles, foils, modules and glazings. 
Most module products are used for facades, while foils and tiles are more popular as roof 
applications due to their light weight and flexibility. Tiles can be arranged to resemble standard 
roofing tiles, and can therefore be a good option for retrofits. Many are premade and assembled 
with insulation (Jelle et al., 2012).  
A less obvious but critical benefit of BIPV installations is their ability to produce electricity 
in a distributed manner to communities, reducing the peak energy demand from the grid (Athienitis 
et al., 2015). Table 2.1 shows several examples of conceptual or realized projects, which 
implement BIPV systems as part of their design. 
Table 2.1: Projects with installed BIPV 





A building on the SUNY Albany campus in 
upstate New York has the Kawneer 1600 Powerwall 
system with a size of 15 kWp. The Kawneer 1600 
Powerwall is a variation of the traditional Kawneer 
1600 CW system with the addition of amorphous 
silicon thin film PVs in glass laminates. A skylight 
version of this is the 1600 Power Slope. 
(Eiffert and Kiss, 2000) 
4 Times Square 
New York, NY 
USA 
PV modules replace conventional spandrel 
glass in the south and east facades at 4 Times Square 
in New York City. With 4 different sizes of modules, 
they correspond to the spandrel sizes established 
earlier in the process by the architects. The 
Photovoltaic Manufacturing Facility located in 
Fairfield, CA has PV glass laminates as curtain wall 
spandrels, skylights and awnings (Eiffert and Kiss, 
2000). 
 
(Eiffert and Kiss, 2000) 
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Matsue, Japan A 2010 study assessed the spatial 
distribution of sunlight energy in east-west oriented 
single-span greenhouse equipped with a PV array 
covering 12.9% of the roof area, which had a Gothic-
arch style geometry The checkerboard PV module 
arrangement improved the balance of the sunlight’s 
spatial distribution inside of the greenhouse. The 
generation of electrical energy by the PV cells was an 
aid in producing sustainable greenhouse crop. 
 
 




An experiment in southern Spain involved 
monitoring a greenhouse, which had an integrated PV 
system built onto it. The work confirmed the 
feasibility of using PV modules in cladded areas of the 
greenhouse as a means to assist with reduction of 
fossil fuel consumption for the farms in the Almeria 
province. By covering approximately 10% of the 
cladding with thin-film modules, the greenhouse 






A novel design is proposed by a team in 
China to address the shortcomings of a typical BIPV 
mounting system, which often consists of aluminum 
plates holding down the panels and intermediaries and 
bolts to fasten this to the existing frame or facade. The 




replacement of the PV modules within the framing 
system. The figures show the facade and roof concept 




(Peng et al., 2011) 
 
2.3 BIPV/T Overview 
The BIPV/T is a development of the photovoltaic/thermal (PV/T) system, which is 
discussed in terms of performance improvements to the thermal output.  
2.3.1 PV/T Systems 
On sunny days, the temperatures of PV panels can reach up to 35°C above the ambient air 
(Yang and Athienitis, 2012). PV/T systems collect some of the heat generated by the PV cells, 
maintaining them at relatively low temperatures. Using a fluid medium, part of the heat can then 
be recovered for various applications. In this way, the generation of electricity is combined with 
the application of useful heat. The concept is similar to a flat plate solar collector, except that the 
absorber is replaced with PV cells. PV/T systems were originally developed in the 1970s (Wolf, 
1976: Florshuetz, 1979), the focus being on the thermal efficiency, since the efficiency of the PV 
cells was still considerably low (~6%) and these systems were intended for small scale residential 
applications. In the following decades, there has been a lot of research on ways to enhance the 
thermal output of PV/T systems including studies on optimal geometric features and flow rates 
(Bambrook and Sproul, 2012; Kaiser et al., 2014), the use of added glazing and double pass 
channels (Baljit et al., 2016; Hegazy, 2000; Tiwari et al., 2006), as well as the use of added 
elements inside the coolant channel to enhance heat transfer to the coolant (Hussain et al., 2015; 
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Kumar and Rosen, 2011; Tonui and Tripanagnostopoulos, 2006; Yang and Athienitis, 2014a) 
among others. 
One study aimed to improve the thermal efficiency of a PV/T system by inserting a 
hexagonal honeycomb heat exchanger made from a thin aluminum sheet into the air channel. 
Experimental testing showed that the thermal efficiency was improved by up to 60% and the 
electrical efficiency improved by 1%, which indicates that this kind of system would be best used 
for space heating or solar drying (Hussain et al., 2015). 
Most common types of PV/T systems are as follows: 
• Water-based systems, which use water as the fluid medium for transfer of heat from the 
PV panels. Due to the thermal properties of water, there is a higher heat exchange 
efficiency and thus these systems are best suited for climates which have high levels of 
solar irradiation and high ambient temperatures. 
• Concentrator systems, which use reflectors to increase the radiation intensity on the PV 
cells. The PV system will need less area, but the high temperatures inside of the collector 
will reduce the PV efficiency. Applications for such systems would be intended for high 
temperatures and usually include a tracking system to follow the sun path. 
• Air-based systems, which use air as the fluid medium. In cold climates, where ambient 
temperatures can be very low, these systems would be better applicable than the previously 
mentioned. More specifically, there are two types of air-based systems: 
o Passive air systems: these use the effect of buoyancy or stack effect and a natural 
air flow is created, cooling the PV panels  
o Active air systems: The air flow in these systems is mechanically assisted, and this 
can be an open-loop or closed-loop configuration 
Depending on the temperature of the fluid medium exiting the BIPV/T, the system can be 
classified as high-temperature (fluid medium over 60C) or low-temperature (fluid medium below 
60C) (Athienitis et al., 2015). 
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2.3.2 BIPV/T Systems 
Similarly to the benefits of a BIPV, the advantages of integrating a PV/T system with the 
building envelope include an increase in the cost-effectiveness of the installation, the replacement 
of common building materials and a better architectural result (Yang and Athienitis, 2016a). 
BIPV/T systems supply buildings with both electrical and thermal energy, and are usually 
connected to systems such as heat pumps or heat recovery units to utilize the heat generated.  Like 
the PV/T, the BIPV/T concept originated in the 1970s, but the technology didn’t become realized 
until the 1990s. The system is different from stand-alone PV and PV/T systems in that it is heavily 
influenced by the building design and requirements. Types of building integrations include 
replacing roofing elements on existing flat or low-slope roofs, taking the place of ventilated 
facades (the PV panels act as the exterior cladding), rainscreen claddings and also, CW systems. 
Using air as the heat transfer medium facilitates BIPV/T applications on roofs, facades, 
windows and skylights. There are passive systems, which rely on buoyancy, and active systems. 
The active system, which uses a fan to draw in air from the exterior, is considered open-loop and 
runs at lower temperatures than closed-loop air systems. In such cases, higher thermal efficiency 
is usually achieved, and the PV performance and durability is also improved (Yang and Athienitis, 
2016a). The result from the thermal portion is that there is pre-heated fresh air for the building to 
utilize.  A key advantage of open-loop air systems as compared to liquid systems is that there is 
no need for maintenance of the building envelope associated with possible leakage of the heat 
transfer liquid or its periodic replacement. 
 In an active system, depending on cell type, approximately 15% - 20% of the incoming 
solar radiation is converted to electricity, another 5-10% is reflected, and the remaining 75-80% is 
converted to heat and removed by radiative exchange with the sky, convection with outdoor air, 
radiative exchange with the channel surfaces or through convection with a fan-induced air flow 
inside the channel (Figure 2.5). BIPV/T systems aim to utilize the last two heat transfer methods 




Figure 2.5: Diagram of an active air-based BIPV/T roof (Candanedo et al., 2010) 
For applications on large-scale commercial or industrial buildings, selecting an air-based 
BIPV/T system has several advantages. Air-based systems are lightweight and eliminate the risk 
of leakage, which would be a problem with fluid mediums. As a consequence of this, they 
generally require less maintenance. However, air has a low heat capacity, and this is the major 
downside to the air-based system. Because of this, natural convection is often not enough to cool 
the PV panels adequately to maintain optimal electrical efficiency. Using a fan to assist the airflow 
may provide sufficient cooling of the PV panels, and this gives the opportunity to collect part of 
the excess heat for additional use. With the assistance of thermal enhancements, which increase 
the heat transfer from the system to the air medium, lower PV temperatures would be expected. 
This does not apply to methods which reduce thermal loss to the environment.   
Although heat pumps are among the most common technology to be used with PVs, 
utilizing the heated air from an air-based BIPV/T can present challenges. In a theoretical 
investigation, the performance of an air source heat pump (ASHP) was studied in two modes; one 
using ambient air directly, and the other using the heated air from a BIPV/T. The results suggested 
that during some parts of the year, the coefficient of performance (COP) of the ASHP was higher 
when coupled with the BIPV/T system (Hailu et al., 2015). ASHP is one of the most efficient 
technologies for supplying buildings with hot water or with the heating and cooling. Also, ASHP  
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can achieve higher COP values than ground source heat pumps (GSHP) at certain outdoor 
temperatures (Safa et al., 2015), signifying that hot air from BIPV/T systems can be used quite 
efficiently. 
One important factor to consider when assessing the overall energy production of a BIPV/T 
system is that most commercially available ASHPs with a COP of 4 produce four units of thermal 
energy for every one unit of electricity produced by a PV module (Owen and Kennedy, 2009). 
This highlights the value of electricity over thermal energy production. 
2.3.3 BIPV/T Demonstration Projects and Prototypes 
Several demonstration projects are mentioned below which include BIPV/T applications. 
Unique challenges and solutions in the design and construction of each project are discussed. 
The Ecoterra house is shown in Figure 2.6. The upper portion of the roof is a BIPV/T 
assembly consisting of 21 amorphous silicon PV modules. The roof section is 10.4 m wide and 
6.2m in length (sloped dimension). It is an air-based open-loop system (the air channel depth is  
3.8 cm) which uses a variable speed fan. The thermal energy produced by the BIPV/T can be used 
for domestic hot water (DHW) heating, space heating or for the clothes dryer. As shown in the 
diagram on the right of Figure , the BIPV/T is also connected to a ventilated concrete slab (VCS). 
Based on the outlet temperatures, a control system directs to the air to one of these locations: 
• Dryer (if needed) can utilize BIPV/T air if it is 15°C or higher (and has a relative 
humidity less than 50%) 
• The VCS, which is typically at 17°C or 18°C, can be heated with outlet air that is 
21°C or higher 
• If the outlet air is warmer than the water in the DHW storage tank by at least 5°C, 
it can be directed there 
In monitored data, the BIPV/T system demonstrated a 20% thermal efficiency by using 
multiple applications for the heated air. Compared to the national average, the system reduced the 




    
Figure 2.6: Ecoterra house (Chen et al., 2010)  
The BIPV/T roof was pre-fabricated in a factory, which ensured high quality of assembly. 
Special attention was paid to the air tightness and thermal insulation of the assembly, and the 
manifold was built with consideration for uniform flow and balanced pressure drops. Figure 2.7 
shows the initial wood frame prior to metal roofing (left picture) and the finished roof after it was 
delivered on-site (right). The PV modules were attached to metal roofing with adhesive, and 
mechanically fastened at the roof ridge with a cap and screws (Chen et al., 2010). The continuity 
provided by the PV modules serves to maintain water tightness and have an aesthetic effect. 
Although the buildings’ energy consumption is already low at approximately 9419 
kWh/year, the energy produced from the BIPV/T roof is expected to lower this to approximately 
5000 kWh/year, which is only 10% of the national average. Two advantages of this design were 
based on the following choices:  
• Pre-fabrication of the entire roof assembly in quality-controlled shop conditions 
• The use of amorphous PV modules, which resulted in lower electrical generation 




    
Figure 2.7: Wood sub-framing for roof at factory (left) and BIPV/T finished module on-site (right) (Chen et al., 
2010) 
In the Varennes Library in Quebec, the design of a net-zero energy building with a BIPV/T 
roof occurred through an integrated design process (IDP) which saw the collaboration of 
government and academic researchers with the architectural team and industry partners (Figure 
2.8). The building achieved LEED Gold certification in 2016. The early design choices were 
influenced by the need to size for a 110 to 120 kW PV system on the roof, based on energy 
consumption predictions, and a building geometry that allows for deep penetration of daylighting 
(resulting in a building depth of 6 m to 10 m) as well as natural ventilation. The slope of the roof 
with PV modules would be 40° due south for optimal electrical production and reduction of snow 
accumulation. Part of the roof was designed to be a BIPV/T system, and together with a GSHP, 
would reduce heating energy use and export excess heat to assist with heating of the neighborhood 
public swimming pool. 
  




The roof is a 110.5 kW BIPV system, covering a total of 711 m2 (Figure 2.9).  Of this area, 
428m2 is naturally vented and 280 m2 has fan-assisted ventilation. Only 173m2 of the fan-assisted 
portion of the roof is a BIPV/T system, bringing the heated air into the building to the fresh-air 
intake. The fan was designed to maintain an air velocity of 1 m/s for effective heat transfer without 
significant pressure loss. On a typical sunny day in the winter, the BIPV/T can bring in about 220 
kWh of thermal energy. In the summer months, the air is exhausted to the outdoors due to lack of 
heating needs.  
There are ten 10 kW inverters. Monitoring the system showed that daily electrical 
production reached only 80 to 90 kW peaks (occurring in May and June) with losses due to 
conversion and wiring of the modules. Additionally, up to three of the ten inverters were not 
functioning correctly, likely due to a higher production than they were designed for (Dermardiros, 
n.d.).  
 
Figure 2.9: The Varennes roof by type of BIPV. The naturally ventilated portion (yellow) has an air channel 
depth of 150mm, while the forced-fan vented portion (blue and green) has an air channel depth of 70 mm. 
 The library has an energy use intensity (EUI) of 6.51 kWh/ft2/year, and with the addition 
of the energy produced by renewable sources, the net EUI is reduced to 1.35 kWh/ft2/year. Since 
there are no batteries to store the electricity produced by the roof, it is sold to the grid or to 
customers who need to charge their electric vehicles (the library has a charging station). One of 
the challenges in managing energy in a building such as this is that feeding electricity back to the 
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grid when production is high does not necessarily match with times of the day when there is a peak 
in consumption (considered to be 6:00am to 9:00am and 5:00pm to 9:00pm). 
The air-based BIPV/T facade at the penthouse level of the John Molson School of Business 
(JMSB) in Montreal, Canada is a custom design in response to architectural requirements for 
visible uniformity (Figure 2.10). The system has 384 PV modules covering 70% of the UTC 
cladding behind them. The modules are connected to five inverters. The UTC has a dark porous 
cladding which draws in air and heats it with the absorbed solar radiation. UTCs have thermal 
efficiencies as high as 60% on their own, but when incorporated into a BIPV/T, the value of the 
electricity generated (at least four times more than heat, as mentioned in the previous section, 
2.3.2) gives the overall system a higher combined efficiency even if the addition of PV initially 
lowers the thermal efficiency. Energy production for this BIPV/T includes 25 kW of electricity, 
75 kW of heat for fresh air ventilation preheating and has a peak solar energy utilization of 55% 
(Athienitis et al., 2010). 
Since Montreal has a cold climate and sunny winters where peak values for incident solar 
irradiance on south-facing surfaces often range up to 1100 W/m2, the use of a BIPV/T on such a 
facade for fresh air preheating seems advantageous. At the JMSB, the facade was placed 
intentionally at the level of the mechanical room, reducing the distance for the preheated air to 
travel to the HVAC system, thereby reducing ducting material. 
   
Figure 2.10: BIPV/T facade on the JMSB building (left) and PV/UTC components in a concept diagram (right) 
(Athienitis et al., 2010) 
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 The energy generation of the system was dependent on design factors such as panel 
dimensions, absorptance of the framing, thermal properties of the structure, design of the array 
(vertical stratification can cause non-uniform array temperatures, and this depends on the series or 
parallel connections of the array), and porosity and corrugation orientation of the UTC cladding. 
The system was dimensioned to replicate the existing curtain wall configuration, extending the 
aesthetic look of the facade without disrupting the verticality. Mounted on the UTC cladding with 
special clamps to reduce heated air from escaping once inside the air channel, the PV modules 
have black framing for increased absorptance (and to match the existing facade) and a height to 
width aspect ratio which encourages transfer and temperature stratification reduction (Figure 2.11, 
left). Both the size of the modules and the UTC cladding was subject to limitation by industry 
availability, and since a horizontal corrugation pattern was preferred for the UTC, (reduction of 
heat losses, induced turbulence) the PV modules were vertically spaced at 90mm accordingly 
(Figure 2.11, right). At the top of the facade, a section of the UTC cladding was not covered by 
PVs. This was to assist with cooling of the system by encouraging additional buoyancy of the air 
(Athienitis et al., 2010). 
        
Figure 2.11: Custom PV modules attached over UTC (left) and section diagram showing modules attached at top 
edge to horizontally corrugated UTC panels (right) (Athienitis et al., 2010) 
 The design and construction of the BIPV/T system on the JMSB penthouse facade 
demonstrates several important lessons for future designs of this technology. Without a proper 
energy analysis, it is unclear if the thermal energy generated is useful in months when heating is 
not required. In such cases, integrating the system with additional applications, such as in the 
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Ecoterra house, is favorable. The primary purpose of the UTC component is to maintain the 
performance of the PV modules, so as long as the operation of the fan does not consume more 
energy than it saves, it is a beneficial addition to the design. 
Experiments have been conducted at the prototype level to improve efficiency of BIPV/T 
systems. A design was proposed to use multiple air inlets instead of one inlet for a large-scale 
installation of a BIPV/T system. Results from modeling showed a 5% increase in thermal 
efficiency, and a reduction in peak PV temperatures by 1.5°C. The study suggested that the PV 
temperatures could be reduced by up to 5°C to 10°C for longer spans of the BIPV/T, such as 5 or 
6 meters (Yang and Athienitis, 2014b). Bigaila developed a new design for a BIPV/T solar air 
collector prototype for facade retrofit with the emphasis on simplifying the integration into the 
building envelope. Testing was then conducted on an open-loop multiple inlet building-integrated 
PV/thermal unglazed air collector (Bigaila et al., 2015).  
2.4 Facade design 
To be able to consider BIPV systems as facade assemblies, it is valuable to have an 
understanding of conventional claddings that may be replaced with the newer technology. Typical 
facade assemblies include the following (Mike Carter, C.E.T. and Roman Stangl, 2016). 
• Masonry wall systems: Typically, these are masonry units (i.e. brick or concrete masonry 
units) and mortar constructions. They can be structural or veneers which act as the 
cladding. These systems usually require insulation, moisture management and an air space 
behind them. 
• Panelized metal wall systems: Usually fabricated from aluminum, copper, stainless steel 
or other composite materials, these systems are metal sheets which are ship-lapped with 
other panels. The thickness is usually around 1mm and require framing to be held in place. 
Insulation may or may not be included in the panel system, and depending on the type of 
joints, a backup air and moisture barrier may be required.  
• Precast concrete wall systems: Most often, precast concrete is used as a cladding and 
connected to the building structure with anchors or supports. Typically, an insulated stud 
back-up wall is used for precast panels. Sandwiched precast panels, however, do not need 
a structural back-up wall. 
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• Thin stone wall systems: Stone panels with a thickness of ranging from ¾” to 2” are 
fabricated, typically from granite, limestone or less commonly, sandstone. The panels are 
supported with anchors and other metal components connecting to the structure, and 
require insulation as well as an air and moisture barrier or a drainage cavity. 
• Exterior insulation and finish systems (EIFS): Painted plaster boards, typically consisting 
of synthetic lamina, covering rigid insulation comprise EIFS claddings. These panels, 
along with the joints between, typically comprise the barrier system of the facade. 
• CW systems: Aluminum (or other) framed wall that contains in-fills of glass, metal panels 
or thin stone (as the one mentioned above). Typically, these systems do not carry the floor 
or roof loads. There are two primary types of CW systems: stick-built and unitized. Those 
suitable for BIPV and BIPV/T systems are discussed further in Section 3.2.1 
2.5 Integration with the facade 
As previously mentioned, there are four main options for building integration: sloped roofs, 
flat roofs, facades, and shading systems. South facing sloped roofs are favorable because of direct 
angle to the sun. For facades, the typical ways to integrate include ventilated facades with the PV 
panels as the external cladding or the rainscreen, and as window elements, often including semi-
transparent photovoltaics (STPV) (Yang and Athienitis, 2016b). STPV modules use clear front 
and back sheets, usually a type of plastic or glass, and have silicon cells spaced apart enough to 
transmit light through the clear portion. For ventilated and non-ventilated facades, an air gap under 
or behind the PV modules is critical to incorporate since a temperature increase decreases electrical 
performance of the cells, especially for mono- and polycrystalline modules. The PV modules also 
have to deal with physical issues such as heat and moisture transfer, high and low exterior 
temperatures, rapid temperature changes, freezing and thawing in colder climates, and wind and 
snow loads (Jelle et al., 2012). In the IEA-PVPS report from 2000, the criteria for a successful 
BIPV/T system includes: a pleasing, natural integration, good color composition, continuity of the 
building and facade concept, and finally innovative engineered design. 
Using a BIPV/T facade may have a positive effect on the thermal performance of the 
envelope by reducing the cooling load. This can happen because solar radiation is not transmitted 
but instead is converted to electrical energy, the physical addition of the PV/T elements can 
increase the envelope insulation, and because some of the heat is removed with the cooling medium 
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(Yang and Athienitis, 2016b). Several monitoring experiments support this. In one study, infrared 
imaging was used to record daytime ceiling temperatures under rooftop BIPV arrays, and it was 
found that they were 2.5 Kelvin (K) cooler than ceiling under the same type of roof but exposed 
to the sun (Dominguez et al., 2011). Another study indicated that a BIPV/T facade can reduce the 
temperature oscillation amplitude within the wall, resulting in higher wall temperatures on a winter 
day (Chow et al., 2007). An investigation showed that a BIPV wall reduced daytime heat gain by 
69% and nighttime heat loss by 32% during winter months (Peng et al., 2013). 
2.5.1 Installation and Maintenance Methods 
A monthly maintenance schedule is recommended for checking and recording electric 
output, while on an annual basis, a visual inspection and cleaning of the PV panels is suggested. 
While inverters were previously considered one of the more common electrical problems, design 
is now more reliable. Electrical problems like open circuits and connection corrosion are of more 
concern. Soiling maintenance includes manual removal of lichen, dirt accumulation at lower edge 
of modules (especially those at lower inclinations), which can be addressed by adding laminates 
that help with water run-off (Roberts and Guariento, 2015). 
 Modules are normally linked as daisy chains, with cables looping from one module onto 
the other. If these cables are exposed to exterior water or moisture conditions, as seen in a 
rainscreen cladding, the components along with the junction box need to be carefully selected for 
this. Nonetheless, for a practical application with minimal cost and voltage drop, cabling should 
be as short as possible. Applications with STPV panels must acknowledge visibility concerns. 
 Rainscreens, often used as replacements for existing or out-of-date envelopes are a good 
method of incorporating BIPV or BIPV/T systems. The inner layers of the facade include the air 
and/or vapor barrier and stay dry. The exterior layer must shield the inner layers from contact with 
large amounts of water, and must ventilate the layers of the wall. This is one of the reasons a 
rainscreen concept works well for BIPV/T systems. There are two types of rainscreen systems that 
are relevant to BIPV/T. A face-drained and back-ventilated system, where water comes into 
contact with the joints without restriction, and a pressure-equalized system, with controlled water 
penetration due to small openings on the exterior that restrict water shedding to the exterior layer. 
The difference between face-drained and pressure-equalized systems is that the latter is 
compartmentalized for each glazing unit. Typical materials for rainscreen systems include stone, 
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terracotta and concrete panels. These panels are connected back to the primary structure using 
bolts, studs or cladding rails. To prevent uplift due to wind loads, there are lateral mechanical 
fixings locking the panels into place,  although this is primarily utilized in roofing applications 
(Roberts and Guariento, 2015). 
 For existing facades/claddings, little modification would take place to add or incorporate 
PV panels. Ventilating the cladding would circulate air behind the panels and keep their operating 
temperatures lower. For a standard rainscreen with lightweight metal panels, the PV panels could 
easily replace the metal panels. The existing panels could be modified into a frame that the PVs 
could fit into. 
 The wiring of the junction box is something that must be considered. The wires should be 
located behind the rainscreen layer and out of the “wet zone”. They can be guided along the vertical 
tracks that are used for mounting the panels. At the base or the top of cladding system, they can be 
brought together and drawn inside of the cladding to reduce the number of penetrations. One of 
the best options to integrate PV panels into existing claddings is the pressure-equalized rainscreen, 
as it already has the air gap behind the outer layer to be able to ventilate the panels. It’s up to the 
designer whether to keep all of the wiring external and make one penetration through the weather 
barrier, or to bring the wiring in at regular intervals and create multiple penetrations, which will 
keep wiring safe from external conditions. To make this decision, space requirements, access and 
weather performance must be considered. One way to bring down the cost of the system is to use 
standard PV sizes, but this will limit the grid sizing of the facade (Roberts and Guariento, 2015). 
 In terms of maintenance and replacement, one way to keep the panels clean is running 
water down the face, but this will only work to a certain degree. The cleaning schedule can be the 
same as for glazing claddings. Replacement strategies for the PV panels can be similar to large 
CW units, since swing stages can only support up to 250 kg. Since almost all of the PV components 
can be replaced from the outside, replacement should be fairly easy. This can be done by unlocking 
the brackets for individual modules. Once one or a series of modules is dismantled, there is access 
to the wiring (Roberts and Guariento, 2015). 
 PV panels can be integrated into the vision or the spandrel area of a facade. PV can be 
integrated into IGUs by serving as the outer lite of a clear, double-glazed unit, laminated onto a 
carrier glass. The laminated layer would include heat-treated glazing to avoid breakage due to 
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thermal stress. In a shadow box, STPV can be used to create the perception of depth with some 
light penetration. However, when designing the shadow box, care must be taken not to shade the 
PV layer. Heat can build up inside the spandrel or shadow box, so this will require a heat-treated 
outer layer.  For spandrels, the PV can be incorporated into the outer layer of a sandwich panel.  
 Two types of glazing can be used. Dry glazing means that the system is held together by 
wedge gaskets, with exposed split mullion and transom profiles. This is a mechanical system with 
pressure plates. Wet glazing is the use of structural silicone to bond the glass to the aluminum 
frame. Structural silicone glazed (SSG) systems do not require pressure plates on the exterior, 
allowing for a fully flush design of the glazing. Structural silicone should be applied under 
carefully controlled factory conditions, and replacement of these units is not easy. A hybrid of 
these two glazing types includes using structural silicone sealant where the glass in bonded to the 
aluminum sub-frame, and if replacement is necessary, the mechanical fixings are unlocked to 
release the aluminum carrier frame, which is then unscrewed. Any sealant replacement happens in 
the shop (Roberts and Guariento, 2015). It is important for the silicone sealant not to come into 
contact with acrylic spacers of the modules, or the laminate films, which have EVA or PVB layers. 
The insulation for the cabling also must not come into contact with the silicone (Melorose et al., 
2015). 
 Any single or double-glazed units can be replaced by clear or opaque, single or double-
glazed PV modules. All of the penetrations of the PV wiring through the framing members or 
weather seals can be therefore sealed in factory conditions with a high level of quality control. 
Specifically, for PV panel systems, 4-sided SSG systems are not recommended as the panels are 
heavier than typical glass. It should be noted that the silicone sealant of the weather seals should 
not come into contact with the acrylic spacers of the laminate films (such as EVA and PVB) used 
in the modules. The cabling which runs along the glass edges of the modules must be routed out 
of the modules and through joints into the framing supporting them. The caps on the exterior 
pressure plates should not self-shade the PV cells, and should be kept to a shallow design. One 
way to decrease this shading effect is to apply structural sealant between the PV glazed units in a 




Despite development of various system improvements and a handful of physical 
demonstrations, there are many current barriers which prevent widespread industry application of 
BIPV/Ts. Such barriers include inconsistent integration into building design, unclear performance 
assessment and predictions, cost-benefit analysis, a lack of BIPV/T-specific standards and codes, 
and constructability issues (R. J. Yang, 2015). 
For both BIPV and BIPV/T systems, understanding of long-term durability is limited and 
mostly undocumented.  Studying one installed BIPV system at the Politecnico di Milano 
University over a period of 13 years of continuous operation has shown how external factors like 
available solar radiation, long-term ultraviolet (UV) exposure, shadowing, and dust accumulation 
affect the system performance. The length of operation is approximately half that of a typical PV 
system lifespan. Methods for assessing PV module performance consisted of visual inspections, 
use of infrared (IR) thermography, measurements of the I-V parameters and an analysis of the 
actual performance decay over the observed time. The visual inspection showed slight yellowing, 
minor delamination, and occasional cracking of PV cells. A soiling analysis showed that the rack 
typically reaches saturation, or full dirt coverage, after 30-50 days, however high-tilt modules 
usually have a soiling rate of less than 3%. An economic analysis of operation and maintenance 
costs noted repairs of the inverter and monitoring systems, one deep cleaning with payback time 
equaling to approximately 12 years. Due to early design considerations for PV system design 
including back ventilation of the PV modules and high quality components, no significant decrease 
in overall system performance was observed, while the modules remained in good shape despite 
minor deterioration (Aste et al., 2016).  
For BIPV/T systems, durability is especially important with regards to larger scale systems 
like CW facades as opposed to small, stand-alone systems. Depending on the type of technology, 
PV modules will generally operate between -20°C and 65°C, sometimes reaching 110°C, and 
addressing such high temperatures becomes significantly more critical in larger installations 
(Blieske and Stollwerck, 2013). Replacement of single modules becomes more challenging and 
natural ventilation or cooling is necessary in case of system failure. 
Addressing the risks associated with BIPV applications involves assessing the building 
stages from concept design to operation and maintenance. One of the main reasons that BIPV 
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implementation has not developed at a larger scale is that the many of these risks are not well 
understood or identified by architects, manufacturers and most importantly, stakeholders. There is 
a lack of documentation of these risks and challenges, although an effort to make progress in this 
subject has been met with enthusiasm by industry professionals (R. J. Yang, 2015). 
 Some of the issues encountered during the design stage include lack of easy access to 
external fixings and wiring, little or no post-installation requirements, and lack of designers’ 
knowledge in choosing an efficient PV string layout that conforms to the building geometry and 
functionality. The data which is needed to design the layout includes formation of composite 
frequency distribution of hourly radiation along with an analysis of the descriptive statistics 
parameters, and finally an optimization of these statistics. The resulting information can be used 
to calculate inverter size. When designing the structural system, there is uncertainty about which 
load bearing elements of the facade or roof will be shared or replaced. Building self-shading will 
account for approximately 5% - 10% in the decrease of the electrical output, which needs a shading 
analysis during early design.  
 During installation, limited availability of mounting systems reduces architectural 
solutions for elements such as large bolts and holding plates securing the PV panels. Furthermore, 
the framing of the PV modules is difficult to hide with conventional mounts. If water-tightness is 
not observed and water infiltration occurs, condensation can occur inside the system. A well 
thought-out design utilizing simulation tools to analyze the effects of wind driven rain can 
prevent/address this. 
After installation is complete and the BIPV system is operational, there are requirements 
for successful long-term energy production, many of which are currently unresolved. There is a 
general need for performance monitoring systems, warranties for the full system, and definitive 
maintenance procedures for PV protection and cleaning, as well as inspections of the silicone 
waterproofing sealants (R. J. Yang, 2015). 
2.5.3 Costs and Economics 
Implementing a PV system has a large cost of construction, but costs are minimal during 
the operating phase. All capital costs related to the PV system are as follows:  
• Modules and inverters delivered on-site 
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• Labor of installation 
• Installation materials, including wiring and mounting 
• All aspects related to the site work, such as land acquisition and preparation 
• Environmental permitting and connection to the grid. 
For BIPV systems, certain costs can be subtracted from these, such as those tied to 
replacement of building materials and the additional functions of the PV components (Goodrich 
et al., 2012). It should be noted that building surfaces often do not have an optimal tilt for 
maximum incident radiation, which reduces the annual electricity generation. If the system is not 
properly vented, the decrease in performance due to high PV temperatures will also have an effect 
on this. 
The lifetime of most buildings is more than 50 years. The warranty for PV modules is 
typically 25 years, and when taking into account the rapid development of new solar cell 
technologies which are decreasing in cost but increasing in efficiency, easily replacing modules in 
a BIPV system becomes very important (Peng et al., 2011). This frequent upgrade in technology 
can present a problem in manufacturing and sales, as was the case in China between 2010 and 
2014. In an effort to address air pollution, the government subsidized PV companies to 
manufacture panels, which they did and in large quantities. This caused PV prices to drop rapidly 
between 2009 and 2011 and companies in other countries went bankrupt. The overproduced panels 
ended up in warehouses as projects struggled to keep up with the supply, while new technologies 
were developed. These panels became obsolete since installing older, weaker panels is more 
expensive than newer ones and installation costs are usually based on a per-watt basis (Y. Yang, 
2015).  
In market reports, power generated from BIPV is only 1% to 3% of all PV installations. 
Not a lot of countries are providing support for BIPV development and implementation, according 
to an analysis from the IEA PVPS Task 1 (Scognamiglio, 2017). Feed-in tariff systems can play a 
role in promoting architectural integration. 
In northern regions, proper building insulation will benefit a building more than the 
savings from renewable energy generation. However, the specific cost of insulating is actually 
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higher (Eicker et al., 2015). Installing conventional cladding materials, such as steel or glass, is 
only lower by 2% - 5% as compared to installing BIPV systems (Eiffert, 2003). 
In a 2017 survey of BIPV products, approximately 200 international products are 
commercially available for roofs and facades, with rooftop applications being the largest segment 
in the market (Zanetti et al., 2017). 
2.5.4 Architectural Aspects 
Amorphous silicon tiles can be made to look like tiles in BIPV roofs, STPVs can be used 
in facades or glass ceilings for the visual effect. The choice to make the technology blend in with 
the existing enclosure design or to make it stand out to show the BIPV concept is a choice of the 
designer (Jelle et al., 2012). 
Thin film cells have a homogeneous surface and there is no restriction on cell size. One 
concept to integrate these is to use them with a structural substrate such as corrugated metal 
sheeting.  Wafer based cells can vary in shape and be quadratic, round, or take on other geometries. 
Monocrystalline cells have a homogenous surface, but the blue and grey silicon crystals are visible 
in polycrystalline cells. Special anti-reflection coatings can give the cells colors other than blue, 
such as red, brown, green or magenta (Farkas et al., 2009). Continuity with existing roofing 
elements is done by using the same forms and mounting methods, but this doesn’t provide an 
aesthetical solution. Furthermore, roof elements such as gable endings, ridges, skylights and 
chimneys disrupt the harmony of the overall look when the PV components do not match in color 
and texture. 
2.6 Existing Standards 
A number of standards exist for PV systems, and more recently, several BIPV standards 
have become available primarily in Europe (Scott and Zielnik, 2009). Standards discussed in the 
following sections are separated by system type, covering solar thermal, PV and building envelope 
applications. Standards from the following organizations are included: 
• International Organization for Standardization (ISO) is a global standard 
• European Standard (EN) is primarily used in European countries 
• Solar Rating and Certification Corporation (SRCC) standards are used in the United States 
• Canadian Standards Organization (CAN/CSA) is a series of Canadian standards 
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• International Electrotechnical Commission (IEC) is a global standard 
• American Society for Testing and Materials (ASTM) provides international standards 
• Institute of Electrical and Electronics Engineers (IEEE) standards are used globally  
• Underwriters Laboratories (UL) standards primarily cover North America 
• National Fenestration Rating Council (NFRC) provides the US with performance standards 
2.6.1 Standards for PVs and Solar Thermal Collectors 
Parameters that are typically evaluated for PVs include solar cell efficiency, open circuit 
voltage and potential, short circuit electrical current, max power point, fill factor (FF), band gap, 
and quantum yield. These values are typically achieved by manufacturers using standard test 
conditions (STC), and nominal operating cell temperature (NOCT) conditions (Jelle et al., 2012). 
Conventional PV testing (from IEC and UL standards) consists of qualification tests which are 
performed on new modules and do not take into account consideration of weather-aged products. 
Most standards relevant to PV performance, installation and additional components, such as 
inverters, are listed in Appendix A (Table , Table ). 
Some of the frequently mentioned standards include IEC 61215 for design qualification 
and type approval for crystalline silicon PV modules (and now includes thin-film modules) (IEC, 
2016a), IEC 61730 for PV module safety qualifications (IEC, 2016b), and EN 60904 for PV device 
characteristic measurements (IEC, 2006). 
2.6.2 Standards for facades 
Building standards relevant to this research are organized by issuing committee in 
Appendix A (Table ). Building codes which reference the standards listed and discussed include : 
• International Building Code (IBC) 
• International Residential Code (IRC) 
• International Fire Code (IFC) 
• EN 1990, EN 1991, EN 1993, EN 1999 
2.6.3 Standards for BIPV 
Requirements for BIPV standards arise from safety, quality and durability issues related to 
circuits and inverters. Architectural and building codes typically include elements which would 
impose requirements on BIPVs as construction materials, such as fire resistance and safety, 
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structural stability including wind and hail resistance, wind driven rain (especially in regions with 
heavy rain), energy economy, protection against debris and organic pollutants, noise protection, 
energy economy, heat retention, means of egress. Newer PV technologies, such as silicon thin-
film or non-silicon cell material, do not have the same data as traditionally framed PVs.  
One of the bigger gaps in existing standards is that they are limited only to reliability 
testing, without focusing on durability and long-term performance. It is also important for BIPV 
standards to conform not only to building standards but also building manufacturer product codes. 
Long-term durability testing is needed. For example, the IBC has established BIPV systems as 
roofing materials, so it is necessary to also establish it as a structural system for facade applications. 
The construction industry and the PV industry incorporate different units and metrics, making the 
unification process even more difficult (Scott and Zielnik, 2009). One of the existing BIPV 
standards, EN 50583-1 includes that the PV must be a construction product with functions defined 
in the European Construction Product Regulation CPR 305/2011 (Scognamiglio, 2017). The EN 
50583 standards reference standards applied to the BIPV from both the electrical side and the 
building side, and these standards are noted in the tables of Appendix A with an asterisk (*).  
The roofing standard AC 365 references building codes IBC, IRC and IFC, and includes 
provisions for wind resistance, wind-driven rain, and accelerated weathering. Table 2.2 shows the 
current standards established for BIPV systems: 
Table 2.2: BIPV related standards 
Issuing Committee Name Description and Remarks 
ICC 
 
AC 365 Acceptance Criteria for Building-Integrated Photovoltaic (BIPV) Roof 
Covering Systems (ICC-ES, 2015) 
• Includes requirements for wind driven rain testing in accordance 
with Florida Building Code TAS 100-95 
• Humidity tests in accordance with UL 1703, Section 36 (Flat plate 
PV modules and panels) 
ISO ISO 19467  Thermal performance of windows and doors – Determination of solar heat 
gain coefficient using solar simulator 
• Determination of SHGC using solar simulator 
• Annex F: measuring method and example of measurement of active 
solar fenestration systems 
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• Under ISO/TC 180 Solar Energy committee (“ISO/TC 180 - Solar 
energy,” 1980) 
• Mentions integration with active solar fenestration systems such as 
BIST or BIPV 
EN EN 50583-1 Photovoltaics in buildings – Part 1: BIPV modules (BSI, 2016a) 
EN 50583-2  Photovoltaics in buildings – Part 2: BIPV systems (BSI, 2016b) 
 
In terms of ongoing publications, Standard ISO 18178 “Laminated solar photovoltaic glass 
for use in buildings” under development and expected for end of 2018 (ISO, 2018). The IEC 
Technical Committee 82, or IEC TC 82, is devoted to solar PV energy systems and also has a 
standard under development that is relevant: IEC 63092 – Photovoltaics in buildings (Part 1: 
Modules and Part 2: Systems) with an expected publication date in 2019 (IEC, 2018). IEA Task 
15, “Enabling Framework for the Acceleration of BIPV,” is also ongoing and consists of several 
subtasks which include building a BIPV product database, identifying BIPV business models, 
implementing BIPV specifications internationally, and documenting the environmental benefits of 
these products (IEA, 2018). 
Although some progress has been made for BIPV standards, there are no existing standards 
for BIPV/T (Yang and Athienitis, 2016b). All new technologies go through an evolutionary period 
in the building industry, going under trial and through experimentation. Farkas makes a good 
analogy with concrete, which has been around for over 2000 years and is currently one of the most 
common building and infrastructure materials. However, for concrete to reach this trusted status, 
scientists experimented and studied its characteristics for many years in the 20th century (Farkas et 
al., 2009). BIPV and BIPV/T technologies can follow the same path, with proper attention and 
education of building owners, architects, and engineers. 
2.7 Conclusions 
Systems which utilize solar radiation for the purpose of reducing energy needs in a building 
can be passive or active. Active technologies include BIST, BIPV and BIPV/T systems. BAPV 
systems are similar to the BIPV concept in that they are also located on a building, but they do not 
replace the envelope or structural components. PV cells are most commonly made from silicon. 
Polycrystalline cells are categorized as wafer-based PV technologies and are lower in price than 
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most of the other technologies. A PV module consists of the silicon cells contained within an 
encapsulant which is sandwiched between a frontsheet (typically glass) and a backsheet (glass or 
polymer) and held together at the perimeter with an aluminum frame for structural strength. PV 
module warranties are typicaly 25 years. The temperature of the PV is of great importance. The 
electrical efficiency of the modules decreases as the cell temperature increases. 
There are four main options for building integration with opaque modules: sloped roofs, 
flat roofs, facades, and shading systems. STPV modules can be used in fenestration and shading. 
PV/T systems collect some of the heat generated by PV cells, maintaining them at relatively low 
temperatures. Water based, concentrator types, and air based PV/T systems exist. Air-based 
systems can be passive or active, with the active systems being open-loop or closed-loop. BIPV/T 
systems supply buildings with both electrical and thermal energy, and are usually connected to 
systems such as heat pumps or heat recovery units to utilize the heat generated. Types of building 
integrations include replacing roofing elements on existing flat or low-slope roofs, taking the place 
of ventilated facades, rainscreen claddings and also, CW systems. 
Air-based BIPV/T systems are lightweight and eliminate the risk of leakage which would 
be a problem with fluid mediums. As a consequence of this, they generally require less 
maintenance. However, natural convection is often not enough to cool the PV panels adequately 
to maintain optimal electrical efficiency and the use of a fan to assist airflow is required. 
This gives the opportunity to collect part of the excess heat for additional use. Many thermal 
enhancements have been studied to aid in this. BIPV/T systems are preferred to solar thermal 
systems for most applications, due to the better quality of electrical energy over thermal. 
Several existing BIPV/T projects include the Ecoterra house, the Varennes library, and the 
JMSB building. The Ecoterra has good integration of the various systems but uses amorphous 
silicon PV modules and therefore does not produce as much electricity as with a polycrystalline 
technology. The Varennes library has a only a small portion of the BIPV roof as a BIPV/T, and 
the excess hot air is often exhausted to the environment instead of being utilized. The JMSB 
BIPV/T facade is a custom design, making it difficult to reproduce or apply to other project 
profiles. 
Facade assemblies that could be replaced with BIPV and BIPV/T systems include masonry 
wals, panelized metal wall systems, precast concrete walls, thin stone walls, EIFS, and CW 
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systems (which includes rainscreens). Two types of rainscreen systems that are relevant to BIPV/T 
integration are face-drained and back-ventilated systems. The latter can also be pressure-equalized. 
Integrated PV modules also have to deal with physical issues such as heat and moisture transfer, 
high and low exterior temperatures, rapid temperature changes, freezing and thawing in colder 
climates, and wind and snow loads. Installation and maintenance considerations include wiring 
and cabling methods, sealant compatibility, and regular visual inspections. 
Some of the challenges of BIPV design include ensuring proper ventilation to increase 
operating life, dealing with limited availability of mounting systems and the need for performance 
monitoring systems, warranties for the full system, and definitive maintenance procedures for PV 
protection and cleaning. While implementing a PV system has a large cost of construction, the 
costs are minimal during the operating phase. Installing conventional cladding materials, such as 
steel or glass, is only lower by 2% - 5% as compared to installing BIPV systems  
A number of standards exist for PV systems, and more recently, several BIPV standards 
have become available primarily in Europe, with North America still lacking any building standard 
for these systems. Requirements for BIPV standards arise from safety, quality and durability issues 
related to circuits and inverters. Architectural and building codes typically include elements which 
would impose requirements on BIPVs as construction materials. One of the bigger gaps in existing 
standards is that they are limited only to reliability testing, without focusing on durability and long-
term performance. It is also important for BIPV standards to conform to building manufacturer 
product codes. Currently, standards EN 50583:1 BIPV Products and 50583:2 BIPV Systems are 
the only known documents that address both PV and building performance. There are no known 
standards for BIPV/T systems. 
 There is a strong need to develop a best practice guide for BIPV/T systems. Instead of 
using custom designs for each unique project, there needs to be a focus on generic assemblies and 
conventional building product use for integration. Simple and accessible simulation tools should 
be developed for rapid, iterative BIPV/T early design phases by architectural teams. Standards, 





3. Design Case Studies and a Methodology for BIPV/T  
This chapter includes three case studies for BIPV/T applications based on the accumulated 
knowledge about the existing development of this technology (previously discussed in the 
literature review). Each case study has a unique set of needs, for which further research on the 
specific project was required. These individual studies helped to compile a set of design 
considerations and performance requirements which then formed the groundwork of a 
methodology for BIPV/T design. 
3.1 Introduction 
Design considerations for a BIPV/T system are derived from requirements of the energy 
production system and the facade assembly. Architectural and structural aspects, along with 
constructability and durability requirements affect the PV system size, layout and method of 
connection. Meanwhile, limitations to the PV system create constraints for the architectural design 
of the facade. In the following sections, three case studies address main factors that must be 
considered for a successful BIPV/T design. Figure 3.1 shows the primary concept of the multiple-
inlet BIPV/T that is used when describing these criteria. The panels are shown slightly overlapping 
to provide protection against the wind-driven rain, however the focus is on the multiple inlets, air 
cavity and insulated portion of the system. Results from modeling and then experimental testing 
show an increase in thermal efficiency as well as reduction of peak PV temperatures in a BIPV/T 
system if using multiple inlets (Yang and Athienitis, 2014b). This improvement is expected to 





Figure 3.1: Multiple-inlet BIPV/T concept 
The inlet profile is designed with the intent to direct the air behind the panels in a way that 
maximizes the amount of heat gained from each panel. Inlet sizing is optimized based on maximum 
outside temperature, maximum thermal efficiency of the system or a combination of the two. A 
mesh can be included in the inlet opening to protect the air cavity from insects and debris. 
3.2 Courthouse Building BIPV/T Facade 
This section describes the process of designing a BIPV/T facade for the Courthouse 
building retrofit project. However, a study of cladding suitable to architecturally integrate the PV 
system needed to be conducted first. 
3.2.1 Facades 
A curtain wall (CW) framing assembly is one of the better solutions for designing large 
scale, air-based BIPV/T systems, but it is important to consider the types of CW systems, 
depending on the uniqueness of the project. The two types of systems discussed are stick-built and 




Figure 3.2: Stick built CW (left) and Unitized CW (right) 
The stick-built system is a common method for CW assembly, in which assembly occurs 
in the field. Parts can be individually packaged and delivered, and resulting in a lower shipping 
cost. Less specialized training is required, since parts are not custom and the installers are more 
familiar with generic systems. Material distribution on site is easier, and construction sequencing 
is more flexible. However, there are also several downsides to this type of installation. There is 
less quality control, since field installation of sealants and other materials is subject to outdoor 
conditions, also limiting timeframe of construction throughout the year. There is generally a longer 
installation time and some costs are associated with an increase of labor intensity. There is less 
chance for custom shape integration in the design, limiting designers’ choices. In-plane movement 
of joints is more likely to occur during and after installation.  
Figure 3.3 shows a basic stick-built installation sequence for a curtain wall. The sequence 
starts with the placement of the vertical framing, followed by the horizontal framing to complete 
the structural components. The profile of the horizontal framing would have to be more shallow 
than the vertical to ensure an uninterrupted air channel. Following, the back-pan and insulation 
would be installed, creating a continuous inner surface for the air channel. Finally, the glazing is 
placed at the outer face of the system. For a BIPV/T system, PV panels would replace the glazing 




Figure 3.3: Stick-built CW installation sequence (Rendering by S. Rounis) 
For a BIPV/T system, the transition from a stick-built design to a unitized design can be 
relatively easy. Unitized systems are generally considered more expensive and therefore less 
common applications than stick-built systems, but they have their own advantages. Most of the 
assembly occurs in the shop, which increases quality control while decreasing the chance of 
defective parts. Once these panels are shipped to the site, there is a much faster erection and 
enclosure phase.  
The design allows for more customizable extrusions as well as accommodation of in-plane 
movements. The disadvantages to this type of system include higher shipping costs, a much more 
rigid construction sequence, extra training of the installers for the custom parts, and a larger error 
in alignment tolerance during the final assembly due to the design. Although the particular BIPV/T 
design mentioned in this paper was constructed using the stick-built approach, it is just as easy to 
incorporate the PV panels and insulation into a unitized system as most of the components are 
interchangeable. 
Unitized systems are typically story-height and start at 1.5 meters in width, but can go up 
to 9 meters wide. The panels contain all of the necessary elements as the exterior building fabric, 
and are considered to be the basic building block by providing the following elements: external 
weathering, insulation, vapor barrier, structural framing, fire protection, vision panels, and an 
internal finish. The non-vision areas are usually covered with metal or natural stone. The vision 
areas are typically double- or triple-glazed units. Installation does not necessarily require a crane, 
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but can be done from the floor slabs of the building. The cost for unitized systems is in the mid to 
high range. The structural framing of the panel is intended to carry the full weight of the panel and 
all superimposed loads such as wind. Raceways in the extrusions allow for pre-formed EPDM or 
silicone gasketing, and the external face forms the primary weather barrier. The units are gravity 
loaded at each of the floor levels and can accommodate some live load deflection, usually not more 
than 10 to 12 mm (Roberts and Guariento, 2015). Figure 3.4 shows a layout for a unitized system 
utilized in a retrofit. 
 
Figure 3.4: Existing facade (left) and sample of unitized CW layout for re-clad (right) 
Structural framing significantly affects the design of the curtain wall. Sizing and quality of 
the floor slabs, as well as dimensions and spacing of the beams will affect whether the system may 
be hung or placed on top of the slab. If the system is unitized, there will be a size limitation to the 
vertical span of each unit. Due to the weight of BIPV panels, it is also important to consider 
whether the system will be captured on all four sides, or if two sides will be glazed in with silicone 






Table 3.1: Advantages and disadvantages of CW systems 
CW Type Advantages Disadvantages Typical Frame Detail 
Stick Built Easy to transport  
Lower shipping cost 
Less training/ specialization 
Easier material distribution on 
site 
Flexible erection sequence 
 
Less quality control 
Field installation (sealants, other 
materials subject to outdoor 
conditions) 
Longer install time/more labor 
intensive 
Less chance for custom shapes 




Unicel, Stick built 
(“Unicel Architectural | 
Manufacturers of aluminum 
and glazing products,” n.d.) 
Unitized Faster erection and enclosure 
phase 
Most of the assembly 
fabricated in the shop: better 
quality control 
Customizable extrusions 
Design for accommodation of 
in-plane movements 
High shipping cost 
Fixed sequence 
Requires extra training for 
install 
Larger change error in tolerance 




Kawneer 2500 UT, 4 Sided 
SSG 
(“Products: 2500 UT Unitwall 
System - Kawneer North 
America,” n.d.) 
 
Framed and frameless PV modules have advantages and disadvantages in terms of acting 
as a building envelope element. Table 3.2 below summarizes these points:  
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Table 3.2: Advantages and disadvantages of framed vs. frameless modules 
PV Module Sample Module 
Images (“Solar 
Panel CS6X-P - 
Canadian Solar,” 
n.d.) 






1954 x 982 x 40 mm 
Weight: 22kg 




Better stability at 
inlet location 
No need to protect at 
perimeter 
 




Location of j-box is 
fixed 
The Tedlar back 
sheet is permeable 
to humidity 
If the frame is 
removed, the panel 
has the strength of a 
single sheet of glass 






1968 x 992 x 5.8mm 
(without J-box or 
corner protection) 
1972 x 993 x 10 mm 
(without J-box) 
Weight: 27.5 kg 





could fit wiring 
Comfortable for 
installers to use as 
typical glass/IGU 
unit 
If STPV possible, 
can design with 
regular back glass 
for a cheaper option 
Glass-glass is better 
against humidity, is 
impermeable 
 
Heavier because of 
the double glass 
STPV design would 
depend on 
company’s ability to 
do it 





3.2.2 BIPV/T Façade on the Courthouse Building 
The following project presents the design iterations for the implementation of a BIPV/T 
facade as part of a retrofit for the Municipal Court Building in downtown Montreal. The system is 
intended to be installed on the south facade, at the mechanical penthouse. The goal is to maintain 
a semi-conditioned space behind the new cladding, similar to the functionality of the original 
facade. Figure 3.5 shows the layout of PV panels over the area of existing metal panels currently 
covering the south facade of the penthouse. The total area of coverage is approximately 850m2.  
 
 
Figure 3.5: South elevation with penthouse area in red box (left) and suggested module layout (right) 
The dimensions of the module used in the layout design is shown in Figure 3.6. The 
horizontal spacing between the panels is 3.54 cm and the vertical spacing is 2 cm. The final layout 
consists of 78 columns across, each with 5 panels stacked vertically. 
 
• Canadian Solar model CS6X-P-FG 
• Dimensions: 1972 mm x 996 mm x 10 mm 
(without junction box) 
• Dimensions: 1968mm x 992 mm x 5.8 mm 
(without junction box or corner protection) 
Figure 3.6: Module dimensions (“Solar Panel CS6X-P - Canadian Solar,” n.d.) 
For this project, the existing conditions shaped the design of the BIPV/T system to be 
implemented. The current facade, which is comprised of corrugated metal paneling, will be 
removed and the existing structure assessed for reuse. The new cladding system will separate the 
exterior conditions from an interior unconditioned space which houses mechanical equipment.  
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This allows for less stringent air infiltration and water penetration requirements. In terms 
of thermal performance of the facade, the primary concern is to insulate the air cavity inside of the 
BIPV/T system which transfers the heated air to the HVAC system. Some protection of the inside 
space against the outdoor elements would result from the new system, but it is not the ultimate 
goal of the design. 
The BIPV/T concept for this application is based on an open-loop system. The outside air 
is drawn from multiple inlets in the facade, which are optimally sized to obtain as much solar heat 
as possible from the PV panels on the exterior surface of the facade. Removing heat from the PV 
panels aids in maintaining their high efficiency. The size of each inlet is approximately 1% of the 
area of the PV panel. The specific design goals for this project are the following: 
• BIPV/T system with multiple air inlets, an insulated cavity and a manifold at the top of the 
assembly 
• Rainscreen approach for reduced stringency of envelope requirements 
• Curtain wall approach with metal framing to replicate existing cladding 
• STPV incorporation 
• Aesthetically pleasing design to unify new system with existing facade 
In order to assist with maintaining a unified look of the facade, using STPV modules was 
proposed. A STPV with a transmittance of 10% still allows for 90% of the incoming solar radiation 
to be absorbed, while the remainder passes through the module and heats the back surface of the 
air cavity, which can be painted to match the existing color of the facade curtain wall framing. 
These details are shown in Figure 3.7. 
  
Figure 3.7: STPV used as modules (left) and rendering of STPV and painted backpan (right) 
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One major impact to the design is the structural framing. The sizing and quality of the floor 
slabs, spacing and dimension of the beams, as well as the removal of the steel framing will affect 
whether the system may be hung or placed on top of the floor slabs. The current design shows the 
curtain wall framing attached outboard of the floor and ceiling slabs, with a dead load attachment 
proposed at the roof slab, lateral bracing at the floor slab and additional steel supports diagonal to 
the middle of the wall. The secondary structural consideration is that of each individual panel (or 
set of panels) to the vertical framing. While the vertical framing will contain the panels within the 
glazing pocket as a typical curtain wall system, the horizontal mullions will be a custom shape and 
attachment. The typical horizontal mullion will be scaled back to allow room for the air cavity and 
insulation, and with the use of rods, attached to the front inlet caps. This is shown in Figure 3.8. 
 
Figure 3.8: Structural attachment of the BIPV/T system (left) and horizontal tie-backs at inlet framing (right) 
One important decision in the design process was the selection of the curtain wall system 
type to be used; stick-built or unitized. For this specific layout, if a unitized system is selected, it 
is expected that each unit will be 2 to 3 modules tall and separated by the vertical mullions. This 




Figure 3.9: Unit distribution for unitized system (left) and typical unitized details for the BIPV/T (right) 
Both framed and frameless PV panels were considered for this design. In the end, frameless 
panels were chosen. Figure 3.10 shows the components of the frameless proposed unit and how 
the assembled product would be installed on site: 
   
Figure 3.10: Components of a unit in a unitized system (left) and unit and horizontal cap prior to install (right) 
Some of the considerations and challenges that were encountered during the development 
of this project include: 
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• Ability of the curtain wall manufacturer to produce custom extrusions and fabrication of 
units in their shop 
• Options for lowering the overall project costs by replacing the proposed mineral wool 
insulation with styrofoam (maintaining an R-5 performance), framing without thermal 
breaks, and a module without an airtight back pan 
• Minimizing the shadow on the PV cells by reducing the thickness of the pressure plates 
and caps 
• The option of perforated screens in the air inlets as a dual purpose; to mitigate the amount 
of debris that collects inside of the air cavity and also to keep out birds and insects, which 
is a common problem with perforated claddings 
• If the unit fabricated in the shop includes the PV module, air cavity, insulation and back-
pan, a method to access the back of each cell and the wiring needed to be developed for 
maintenance once the system is installed 
• The panels are connected vertically in series according to the design, so if there is a 
disruption in energy production, only five of the panels in one column are disconnected 
and reviewed. The purpose of this is to facilitate troubleshooting and access to panels.  
• The advantages and disadvantages of using STPV modules instead of regular opaque 
modules 
• The advantages and disadvantages of framed and frameless modules for this particular 
installation 
The three optimization goals of this project were: 
1. Engineering of the system performance, including electrical and thermal efficiencies 
2. Structural integrity using the existing materials and framing 
3. Facade aesthetics to unify the BIPV/T technology with the building’s current style 
In conclusion, there were several developments that were the focus as the design of the 
BIPV/T progressed. The use of heat transfer enhancement mechanisms, such as wire mesh inside 
of the air cavity for improved thermal efficiency of the system, is one factor. Another is the level 
of airtightness agreed upon for the system, one that is financially responsible without 
compromising thermal efficiency. The team planned to move forward with the design of a unitized 
system for the curtain wall since it has the most benefits and falls in line with the bigger goal of 
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developing a unit flexible for various applications on facades. Several companies were reviewed 
which would be able to supply the PV panels. One of the major components of the design 
development was the plan to build and test a prototype of several units connected. The prototype 
would be scaled down to an approximate height of 3 meters to be tested in the solar simulator. 
There was also a plan to test it in the rain penetration chamber. Several other tasks involved in 
moving forward included taking field measurements for an accurate curtain wall framing design 
and unit layout. Photographs were obtained of the building during daytime and nighttime for 
rendering and visualization purposes (Figure 3.11). 
 
Figure 3.11: Actual south facade (left) and visualization of BIPV/T cladding at penthouse level of the facade 
(right) 
3.3 Solar Decathlon BIPV/T Roof 
3.3.1 Roofs 
Curtain wall BIPV/T systems also have the potential to be applied to low-slope roofs as 
new roofing systems, or as retrofits. Although a low slope keeps the traditional flat roof look, a 
slope close to latitude is preferred for optimal electrical and thermal performance. The design 
developed for the Solar Decathlon reflects these aspects. 
3.3.2 Solar Decathlon 
For the 2018 Solar Decathlon China competition, a team of students and professors from 
Concordia University and McGill University conceptualized a residential home with a BIPV/T 
roof system, the design of which was based on building energy needs. The design of a BIPV/T 
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system on the south roof is an improvement beyond the original intent of a typical sawtooth PV 
array. Due to the requirement of a skylight, and to conform to the maximum allowed building 
width, several configurations of PV panels were studied in terms of capacity, skylight placement 
and framing system (Figure 3.12). 
 
Figure 3.12: Configuration options for Decathlon roof and rendering of final design. 
The BIPV/T roof is divided into two sections by the skylight in the middle, which allows 
daylight to enter the second floor corridor through a light well (Figure 3.13). The original concept 
had the goal of keeping the skylight operable to allow for ventilation, and the BIPV/T would be 
two separate systems; one to the front of the skylight and one towards the back. Each of these 
systems would have an individual, uninterrupted air channel. This division into two systems is 
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beneficial for the PV production because it keeps the air channels short, maintaining relatively low 
air temperatures inside. Further modeling was carried out to determine outlet temperatures. 
 
Figure 3.13: Section through BIPV/T roof and skylight  
The details in Figure 3.14 show design resolutions for the framing system. Detail 1 shows 
an extrusion profile that addresses incidental rainwater drainage when the skylight is open. Detail 
2 shows a horizontal detail at an air inlet, where a custom extrusion is shaped to direct the incoming 
air towards the back of the PV panel as well as collect water and pass it to the vertical mullions for 
drainage. Detail 3 describes a typical horizontal detail, in which the framing purlin will act as a 
“fin” to further mix the air in the channel for increased thermal efficiency. 
 
Figure 3.14: Architectural details of the BIPV/T framing system 
52 
 
The PV panels are 1954 mm in length and 982 mm in width. The framing system 
accommodates for the expansion of the panels and auxiliary materials, but these types of aspects 
are always verified with curtain wall manufacturers. The profile of the caps covering the pressure 
plates can be adjusted to reduce self-shading. The manifold connected to the upper ends of the air 
channels transfers the heated air to an air-to-water heat exchanger, and equipment location, size 
and placement was later clarified by the Decathlon team. The space under the panels and insulation 
is to be semi-conditioned. Figure 3.15 shows a schematic of the individual materials and layers of 
the BIPV/T system. 
 
Figure 3.15: Exploded axonometric diagram of original BIPV/T system layers and materials. The final design 
had a continuous channel and one manifold at the back end. 
The building was constructed during the summer of 2018 as part of the Solar Decathlon 
competition held in Dezhou, China. Photographs of the Deep Performance Dwelling (the name 
given to the project by the team) and the installed BIPV/T roof are shown in Figure 3.16. The final 
slope of both roofs was 5 due to height constraints for the building. A tilt of 40 would have been 
optimal for maximizing incident solar radiation as well as reducing snow accumulation. 
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Figure 3.16: Deep Performance Dwelling aerial view (left) and BIPV/T roof after completion (right) (Rounis et 
al., 2017) 
 The BIPV/T roof provides its thermal energy to a water-to-water heat pump in order to 
reduce the temperature difference between the two tanks. The manifold at the end of the BIPV/T 
draws from each air channel through two take-offs and connects to one main duct leading to an 
air-to-water heat exchanger, which is then connected to the water-to-water heat pump (Rounis et 
al., 2017).  
3.4 BIPV/T Roof Retrofits for Residential Low-Rises in India 
The IC-Impacts collaborative project was an opportunity to study BIPV/T applications for 
rooftop retrofits in residential sectors of India. The India-Canada Centre for Innovative 
Multidisciplinary Partnerships to Accelerate Community Transformation and Sustainability (IC-
Impacts) is a center of excellence, which focuses on research to improve sustainability within 
Canadian and Indian communities. The goal of this particular research is to identify optimal 
configurations of building technologies suitable for the local climate and to aim for the design of 
a net-zero energy building by utilizing local energy generation from renewable sources. 
Specifically, the project involves the design and modeling of a low-rise residential building in the 
city of Chennai, India. 
3.4.1 BIPV/T Retrofit Concept 
With the percentage of new building construction lowering in relation to the existing 
building stock, retrofits are becoming an attractive option for many property owners, both 
commercial and residential. BIPV/T systems can be designed for retrofits, especially with CW 
assembly components. The option for over-cladding or recladding allows for commonly used 
construction practices, and gives the possibility to turn semi-conditioned spaces or unused spaces 
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into fully enclosed conditioned spaces, with the insulating benefit of BIPV/T systems (Figure 
3.17). 
 
Figure 3.17: Roof retrofit as solarium 
3.4.2 IC-Impacts Project 
India is one of the top energy consuming countries in the world, after China, the United 
States and Russia. However, the country’s per capita electricity consumption is less than one third 
of the world average. In acknowledgement of this as well as the rapid rise of technologies used to 
harness solar energy, the Indian government has recently initiated policies to encourage the use of 
photovoltaic (PV) and building-integrated photovoltaic (BIPV) systems for local energy 
production. While the country does get as many as 300 days of sunshine a year, it is densely 
populated with little land available for solar parks. Because of this limited land availability and 
largely accessible unused roof space, rooftop PV systems are especially garnering attention 
(Shukla et al., 2018).  
The Indian government has set goals to produce 100 GW of solar energy by the year 2022, 
and 40% of this will come from rooftops, which is now the fastest growing technology in the clean 
energy sector, and is cheaper than commercial and industrial power in India (The World Bank, 
2017). The current issue is that while the rooftop projects for commercial buildings are rapidly 
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advancing, solar for residential buildings is falling behind due to large upfront costs and net-
metering programs (Un, 2017).  
Net-zero energy buildings, while using a variety of passive methods to decrease energy 
use, also need active energy production, which is often achieved by including solar energy as part 
of the design. This project conceptualizes a BIPV/T cladding for the building which is more 
efficient than a typical rooftop system and replaces some of the building cladding components, 
lowering the critical up-front cost of material and installation. Since India is one of the leading 
producers of aluminum, it would be acceptable to use aluminum curtain wall framing to contain 
the PV panels. 
Chennai is located in the southern part of India, in the state of Tamil Nadu. At the 
geographical coordinates 13°N, 90°E, this coastal city is close to the equator and has a warm-
humid climate. As shown in Figure 3.18, the annual global horizontal irradiation is 1,957 kWh/m2, 
while the average air temperature is over 28°C. The annual direct normal irradiation is 1,377 
kWh/m2 and the annual diffuse horizontal irradiation is 935 kWh/m2.   
 
Figure 3.18: Radiation and temperature maps of Chennai, India (The World Bank, n.d.) 
Average air temperatures for Chennai vary between 24°C in the winter months and up to 32°C in 




Figure 3.19: Monthly averages for air temperatures in Chennai, India 
For a location such as Chennai, a PV system would need a low slope to maximize incident 
radiation. A 13° slope is favorable, but a lower slope would also be beneficial, due to dominating 
diffuse radiation. This is due to higher cloud cover in the summer months during the monsoon 
season. The global horizontal irradiation (GHI) follows a typical pattern throughout the year 
(Figure 3.20). 
  
Figure 3.20: Monthly total for GHI (left) and percentage of sky covered by clouds (right) 
Building typologies of the state of Tamil Nadu were studied for patterns in existing 
residential structures. Among the most common are reinforced concrete structures with 
unreinforced masonry infill walls. The buildings are often aligned at the front street facade and 


























Figure 3.21: Building typologies in the state of Tamil Nadu (National Disaster Management Authority, 2013) 
Initially for the study, four apartment buildings were selected as representative samples 
from both Nagpur, which has a composite climate, and Mumbai, which has a warm and humid 
climate. Specific to the city of Chennai, India, two types of building typologies were reviewed. 
One is a typical low-rise, 4-story building consisting of four apartments and retail or parking spaces 
on the ground level. Each floor is 55 m2 by 45 m2. The available rooftop area is 220m2 and the 
western half of the south wall has no windows. The second typology is a 3-story single family 
home with parking on the ground floor. An energy analysis was performed on the first typology. 
The building envelope properties for energy analysis were selected based on BEEP (2016) Design 
Guidelines for Energy-Efficient Multi-Story Residential Buildings: Warm-Humid Climate  
(BEEP, 2016). Results show an average annual energy use intensity of 156 kWh/m2. Only a base 
case building has been modeled (Figure 3.22). Improved insulation with a roof RSI of at least 1, 
double-glazed windows, and an airtight building design will significantly lower the energy use. 
The energy model is based on ideal control with an assumed constant cooling coefficient of 





Figure 3.22: Building schematic of base case design (BEEP, 2016) 
For this building design, the application of BIPV/T could extend not just across the roof 
but also over 97m2 of the south wall. Different layouts were studied for rooftop PV applications 
and the BIPV/T layout was determined to not only have maximum area but also receive the most 
annual radiation (Figure 3.23). Preliminary calculations showed that for the design shown in the 
bottom right of Figure , the annual AC energy production would be approximately 46,781 kWh 
for a system sloped at 13° with both roof and wall coverage. However, it was decided to use only 
the roof portion available for BIPV/T system. 
B
 
Figure 3.23: Various rooftop PV layouts and total coverage of BIPV/T system 
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A typical reinforced concrete building frame requires a lightweight BIPV/T framing system 
with simple attachment methods at the roof. The project features a low-sloped BIPV/T roof of 
approximately 13° which is optimal for near equatorial latitudes. The design includes an insulated 
air channel, allowing air to flow through it and cool the PV panels, which serve as the outer layer 
of the cladding. A manifold collects the preheated air from the air channel(s) to be utilized 
depending on the coupling with the HVAC system. Figure 3.24 shows the layout and capacity of 
the designed BIPV/T system. 
 
Figure 3.24: Size of BIPV/T rooftop system 
The housing for the water storage tank (which takes up approximately 20% of the rooftop), 
air collecting manifold and heat exchanger must all be positioned in a way that it does not interfere 
with the continuity of the BIPV/T system. Available area for the mechanical equipment was 
determined under the system (Figure 3.25). Due to the hot climate, any resulting hot air from the 
system will best be used in a vapor absorption refrigeration system since the building needs to be 





Figure 3.25: Available area under BIPV/T system for mechanical equipment 
Figure 3.26 shows an architectural section through the BIPV/T roof, indicating a simple 
framing attachment to the reinforced concrete building frame. The sides of the system would be 
open to allow for some air movement as closing this space with paneling would increase the 
temperatures between the BIPV/T system and the roof. 
 
Figure 3.26: BIPV/T Plan view (left) and section through the system, framing and building structure (right) 
Performance calculations were performed based on a dynamic model designed for a 
BIPV/T facade, vertical and inclined (Athienitis et al., 2018; Rounis et al., 2016). For System 1, 
which is approximately half of the entire roof system, an annual electrical production of 20,362 





Figure 3.27: Monthly electrical and thermal energy production for BIPV/T System 1 
The frequency of air outlet temperature occurrences is shown in Figure 3.28 for various 
temperature intervals. This represents the hours that outlet temperature is within a certain bracket 
out of the total hours (8760) throughout the year. While there is a large frequency of outlet 
temperatures in the lower ranges (16°C - 20°C, 21°C - 25°C), this is occurring during the hours 
when there is no incident solar radiation and the BIPV/T system is not operating. What is relevant 
is the number of hours when the outlet air is above 50°C. The heat extracted from air of this 
temperature can be used in a thermally driven cooling system. However, it is important to reduce 
building energy loads by passive design strategies prior to implementing energy generating 
technologies such as BIPV/T. 
 





3.5 Key Elements of Case Studies 
Key parameters, criteria and constraints of the three case studies are discussed in Table 3.3. 
The commonalities of these projects include: 
• Production of electricity and preheated air 
• Retrofits onto existing buildings (Courthouse, IC-Impacts) 
• Low slope roof applications (Decathlon, IC-Impacts) 
• Standardized curtain wall framing incorporating the PV modules as glazing 
• Locating manifold and heat exchanger directly under the system (Decathlon, IC-
Impacts) 
It is important to note that although the IC-Impacts roof design has a low slope, it is due to 
the latitude of the project location, and not the height limit. The Solar Decathlon design, however, 
is low slope exactly because of the height limit. The skylight featured in the Decathlon displays 
the novel ability to have a continuous BIPV/T system with glazing, whereas in previous built 
projects, such as the Varennes library, it was not feasible to incorporate such components. This 
project also considered a gutter design, which although not realized in the final construction, brings 
to light the importance of detailing that applies to both conventional and innovative works. 
Table 3.3: Summary of Case Studies 







Climate: Very cold, 
humid 
BIPV/T slope: 90 
• Retrofit: conform to 
original façade 
dimensions 
• CW framing painted 
to match existing 
façade colors 







Solar Decathlon Roof Location: Dezhou, 
China 
Climate: Cold, humid 
BIPV/T slope: 5 
• Low slope due to 
building height 
restrictions 
• CW framing 
• Custom manifold 
sized to fit under roof 
along with heat 
exchanger  
 
IC-Impacts Location: Chennai, 
India 
Climate: Hot, humid 
BIPV/T slope: 13 
• Challenge of utilizing 
preheated air from 
BIPV/T 
• CW framing, 
lightweight 
• Reduction of heating 
loads on roof is 
important 





3.6 Design Methodology 
According to the Whole Building Design Guide, the steps for designing a BIPV system 
include consideration of energy-conscious design practices, a choice between a stand-alone and 
utility-interactive PV system, review of daily electricity use to shift the peak load, providing 
adequate ventilation of the PVs, consideration of PVs as shading devices following a daylight 
analysis, designing the system for a local climate and environment (and addressing site planning 
and orientation issues that may affect this), and reducing the building envelope or other on-site 
loads (Mike Carter, C.E.T. and Roman Stangl, 2016). For a BIPV/T system, there is also the added 
consideration of fan use for drawing in air, placement in relation to electrical service areas, and 
integration with heat recovery systems. 
In the bigger scope of designing net zero energy buildings (NZEBs), an integrated approach 
to all system design is critical. Equally important to designing with renewable energy sources is 
designing with an energy efficient method. Energy generated by renewables does not necessarily 
match grid production and can cause load instability when excess electricity is returned 
(Dermardiros, n.d.). While using batteries for electrical storage is a good option, it is expensive 
and not always sufficient. Exporting electricity to the grid should be done in conjunction with 
assessment of peak hours for both energy use and grid demand.   
3.6.1 Building Envelope Requirements (Facade Requirements) 
Common building typologies and established building envelope techniques guide the 
BIPV/T design from an architectural standpoint. It is important to consider that as a building 
material, the PV system must be considered for primary functions of the building envelope 
including dead, live and other loads, compatibility with other facade materials, thermal insulation 
performance, air and water resistance, fire safety characteristics, and soundproofing. The 
insulation of the air cavity of the BIPV/T system should be adjusted to meet thermal and code 
requirements such as assembly test method NFPA 285 (NFPA, 2012).  Due to the size and 
continuity of the air cavity of this type of system, non-combustible insulation such as stone wool 
or mineral wool can be used, as well as fire stops at floor edges, to address the concern of vertical 
and lateral fire propagation on the exterior cladding (Lstiburek, 2017). Also, since the BIPV/T is 
not producing heat at night, the insulation must be at minimum sufficient as part of a passive wall 
assembly. This is even more important for systems which rely on the PV glazing thermal 
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performance, which is known to have a higher U-value than single glazing (Scognamiglio, 2017). 
Other aspects, such as water management, drainage, and insect and bird protection which are 
especially important to a rainscreen facade, must work in parallel with any electrical/thermal 
optimizations designed for the air channel.  
For the purpose of conventional facade constructability, the installation sequencing and 
accessibility for maintenance after the system is in place are important. In terms of constraints 
from the industry, the design is susceptible to PV and PV framing technology limitations, 
manufacturing availability, and architectural as well as aesthetic aspects (color, texture, finish, 
visual conformance to other facade appearances) that come to the forefront during design 
development phases of projects. 
3.6.2 PV System – Performance Requirements (Electrical and Thermal Efficiency) 
For a BIPV/T system, the electrical efficiency of the system is of primary importance. This 
is because electrical output produces a higher quality energy than the thermal output. Thermal 
efficiency is also important and can be enhanced and optimized with methods to increase thermal 
extraction. Parameters such as building orientation and wall area geometries are less flexible and 
will affect BIPV/T layout and sizing and system shading, determining the electrical output. 
Various PV technologies, such as mono-crystalline silicon or poly-crystalline silicon, will also 
have an impact on electrical efficiency.  
For a given BIPV/T roof length, the temperatures of the PV modules and the air at the 
outlet will be dependent on solar irradiance, the wind spend and ambient temperature of the 
environment, and the air velocity inside of the channel (Chen et al., 2010).  Cooling of the PV 
through natural ventilation is typically inefficient as it only occurs through buoyancy or wind, 
while mechanical cooling with the use of a fan to draw air in must consider the net electrical 
efficiency after fan energy use is considered. For this, fan optimizations which involve calculating 
the fan speed and air pressure drop can be employed. Fan consumption is typically not more than 
5% of the energy recovered from a BIPV/T system (Athienitis et al., 2010). 
Design of the manifold to collect air is an optimization problem of reducing space, pressure 
drop in the air channel and fan energy consumption. As was shown in the JMSB building, location 
in relation to the HVAC system is very important. Collected air can be used with heat recovery 
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ventilators, water heating in an air-to-water heat exchanger, or directly for space heating. 
Depending on proximity to one of these applications, duct sizing and location will be determined. 
For electrical efficiency, the effect of PV surface temperatures is reflected in the following 
equation: 
𝜂𝑒𝑙 = 𝜂𝑠𝑡𝑐(1 − β𝑃𝑉(𝑇𝑃𝑉,𝑆 − 𝑇𝑟𝑒𝑓))      (3.1) 
where 
 𝜂𝑒𝑙 (%), PV electrical efficiency; 
 𝜂𝑠𝑡𝑐 (%), PV electrical efficiency under standard testing conditions; 
 β𝑃𝑉 (0.45%/C), PV module temperature coefficient for poly-Si (Athienitis et al., 2015); 
 𝑇𝑃𝑉,𝑆 (C), surface temperature of the PV and 
 𝑇𝑟𝑒𝑓 (C), PV reference temperature (25C at STC). 
This, in turn, affects many aspects of BIPV/T design to focus on reducing the PV 
temperatures. Even the location of the project in terms of the built environment can have an effect. 
In a 2006 study, it was determined that due to urban pollution and consequent reduced radiation 
on PV surfaces, the PV temperature conversion efficiency is actually improved (Tian et al., 2007). 
Besides reducing the PV temperatures, other factors are also important to consider. Frame 
shadowing, even of a small frame, can significantly decrease the electrical efficiency. In a study 
on the effects of frame shadows on BIPV/T systems, a 39.3% decrease in electrical efficiency was 
found as a worst case scenario (Wang et al., 2017). 
Figure 3.29 shows a diagram of a thermal network model for a BIPV/T system. The 
components included in this model are: the PV module, the air channel, the insulation at the back 
of the channel, and the ambient environment which surrounds the BIPV/T. Energy balance 





 Figure 3.29: Thermal network diagram of a BIPV/T system in section (STPV option is possible) (Yang and 
Athienitis, 2015) 
The total thermal energy extracted by the air flowing through the BIPV/T channel extracts 
heat from both front and back surfaces: 
𝑄𝑎𝑖𝑟 =  ?̇?𝑐𝑝(𝑇𝑜 − 𝑇𝑖)    (3.2) 
where 
 𝑄𝑎𝑖𝑟 (W), thermal energy recovered by the circulating air; 
 ?̇? (kg/s), mass flow rate of the air; 
 𝑐𝑝 (J/kgC), specific heat of the air; 
 𝑇𝑜 (C), Temperature of the air at the outlet and 
 𝑇𝑖 (C), Temperature of the air at the inlet. 
The thermal performance of the system can be enhanced by various techniques, such as 
double glazing, use of fins, and other methods discussed in the introduction. However, unlike for 
a solar thermal collector, these optimization and enhancement techniques should be chosen based 
on the acceptable upper threshold for PV surface temperatures, system durability and taking into 
account the intended purpose of the system, which may be a heat exchanger, a heat pump, direct 
integration of the pre-heated air to the air conditioning system in the winter months, or for domestic 
hot water heating during warm summer months. The selection of the flow rate as well as the heat 
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transfer characteristics of the back surface of the air channel can highly impact the performance of 
the system (Zogou and Stapountzis, 2012).  
3.6.3 Standards for BIPV/T Performance 
One of the biggest challenges to BIPV/T production is the lack of a unified performance 
standard. There are currently standards for electric performance of PV panels, air and liquid 
solar/thermal collector performance, even BIPV performance, but no standard exists for the 
performance of a PV/T system. Table 3.4 lists some of the existing standards related to PV and 
BIPV technologies. 
Building on some of the existing standards, such as the more recent EN 50583, adding 
requirements from building envelope testing standards (for air infiltration, water penetration, and 
thermal performance) and extracting useful correlations from the experimental data, a set of 
guidelines can be developed for a BIPV/T standard. The system needs to be considered for its 
passive energy performance as a building envelope component, noting characteristics like the U-
value, solar factor and solar heat gain coefficient (SHGC). 
It is important to note that the design and optimization of the system’s thermal performance 
should not be arbitrary and should consider the intended use of the preheated air (heat pump boost, 
direct preheated fresh air supply, drying, desiccant cooling etc.), which would dictate the 
requirements for flow rate and outlet air temperature. These requirements, along with the upper 
limits for maximum PV temperatures, as well as the pumping energy consumption will provide 
the frame for the performance design of the system.  
Table 3.4: Standards related to BIPV/T performance 
PV standards 
EN 61215 Crystalline Silicon Terrestrial PV Modules 
EN 61730 Photovoltaic Module Safety Qualification 
UL 1703 Flat-Plate Photovoltaic Modules and Panels 
UL 4703 Outline for Photovoltaic Wire 
BIPV standards 
AC 365 BIPV roof covering systems 
EN 50583-1 Photovoltaics in Buildings: BIPV modules 
EN 50583-2 Photovoltaics in Buildings: BIPV systems 
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Solar thermal standards 
ISO 9806 Solar thermal collectors – test methods 
 
Suggestions for BIPV system comprehensive testing include testing for electrical 
performance, thermal performance and seasonal variation, ventilation performance, visual effect, 
maintenance criteria, wind resistance, wind-driven rain, and accelerated weathering (R. J. Yang, 
2015).  
3.6.4 Design concept 
 Performance enhancements for the BIPV/T cladding, construction limitations and 
architectural effects were key drivers through the case study design iterations. Figure 3.30 shows 
a concept render of a multiple-inlet CW system with horizontally oriented PV modules as the outer 
layer. This concept is the basis for the prototype described in Chapter 4. 
 





4. Multiple-Inlet BIPV/T Curtain Wall Prototype Development 
The design requirements presented in Chapter 3 are considered for the development of a 
BIPV/T prototype for performance testing under laboratory conditions. The following chapter 
describes the design development and construction of the prototype, addressing some of the 
challenges during the construction and assembly process. 
4.1 Design Development 
The design of the BIPV/T prototype has two main objectives, which have both agreeing and 
conflicting aspects: 
1. The prototype is designed to facilitate integration and assembly as a curtain wall facade, a 
conventional and established method for commercial building enclosures. 
2. It must accommodate for constraints created by the experimental testing needs and 
capabilities. 
Figure 4.1 shows the features of the prototype design. The PV panels serve as the rainscreen 
layer of the facade, followed by the air cavity and then the insulation layer, which is intended to 
create a near adiabatic boundary for the air channel but also serves as the envelope thermal barrier. 
The insulation can be selected to match the building code requirements for thermal resistance, 
which may affect the depth of the framing. A dark-colored absorber sheet, made of a thin sheet of 
painted metal, covers the insulation and absorbs any radiation that passes through the PV panels, 




Figure 4.1: Features of final prototype design include CW framing, multiple inlets and a metal extrusion for 
directing the air flow 
While this prototype concept was initially derived from the requirements and 
considerations in Chapter 3, some adjustments were made as the final iteration was prepared for 
fabrication and construction. Although the original design was a 3 panel system that spanned a 
typical floor to ceiling height, the prototype had to be smaller due to laboratory size limitations. 
Furthermore, the system designed is intended to be part of a larger facade system, at least one story 
in height, and not as a stand-alone section. For this reason, it is important to note that the particular 
configuration presented is not optimized for channel aspect ratio and flow rate of a 2-panel system. 
The performance of multiple-inlet BIPV/T systems has been previously investigated 
(Rounis et al., 2016; Yang and Athienitis, 2015). In this study, there are two air inlets, one at the 
base that is almost the full depth of the channel, and one that is located between the two PV panels. 
The purpose of the middle inlet is to reduce the surface temperature of the upper panel by adding 
a cool stream of air to the air already flowing inside from the bottom inlet. This second intake of 
fresh air should break the thermal boundary layer and boost the heat extraction from the upper PV 
panel, ultimately enhancing the electrical and thermal performance of the system. A metal 
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extrusion was designed to be placed directly behind the middle inlet, the full width of the prototype. 
This serves a dual purpose, preventing rainwater from entering into the air cavity, and improving 
heat transfer from the upper PV to the air inside of the channel by directing it closer to the back of 
the PV surface (Figure 4.2). 
 
Figure 4.2: Architectural elevation of prototype with final dimensions (left) and renderings of the metal extrusion 
at the middle air inlet (right) 
Two separate sets of glass-on-glass semi-transparent PV modules were custom fabricated 
by Canadian Solar for the prototype. One pair of modules has 66 cells on each panel with a spacing 
of 23 mm between the cells, and the other pair of modules has 72 cells on each panel, with a 
spacing of 10 mm between the cells. Thus, the two sets have different transparencies (20% 
transparency for the 66-cell modules and 12% for the 72-cell modules). The two types of modules 
are illustrated in Figure 4.3. The purpose of studying two different transparencies of PV modules 
is to understand their effects on the electrical and thermal performance of the BIPV/T system. It 
has been observed that a decrease in packing factor leads to a decrease in the temperature of the 
PV module, thus increasing its electrical efficiency (Vats et al., 2012). It is expected that the 66-
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cell modules will produce a higher thermal efficiency since more radiation will reach the back 
absorber sheet, increasing the air temperature inside of the channel.  
 
Figure 4.3: 66-cell module with a 20% transparency (left) and 72-cell module with a 12% transparency (right) 
4.2 Construction 
Once the architectural drawings for the prototype were finalized, the framing was 
fabricated and partially assembled at the shop of a local curtain wall manufacturer. Collaboration 
with the manufacturer allowed for adjustments throughout the design and construction processes 
as improvements and constraints were discovered. The dimensions of the prototype are 2.07 m in 
width and 2.12 meters in height, covering a total area of 4.39m2. This covers the structural framing, 
inlets and PV modules. The PV modules are fastened to the side and top mullions with pressure 
plates.  A center mullion provided support against deflection, along with two extra point supports. 
This is critical to supporting the dead load of the modules in the vertical position. The center 
mullion measures 45 mm across and protrudes into the air channel a depth of 45 mm.  
4.2.1 Air channel 
The air channel has a depth of 9.5 cm and a hydraulic diameter of 0.18 m, with a total flow 
path length of 2.09 m. Initially, it was desired to have an air channel of varying depth for more 
experimental options, but this was limited to one height due to construction constraints. For a 
length of one to two storeys, the intended application of this design, this channel depth would not 
result in high frictional losses even with the addition of an air director that would reduce the depth 
at its location. This is a solution to maintaining less than 70% blockage to the air flow in the 
channel and an average velocity of 1 m/s (Rounis et al., 2017). 
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Two modules were oriented horizontally and placed with a gap of 3 cm between to form 
the second air inlet. Spacing at this inlet is maintained by the point support attached to the center 
mullion. The width of this inlet is approximately two thirds of the area of the bottom inlet and was 
chosen based on a previous study on multiple-inlet BIPV/T flow modeling by Rounis (Rounis et 
al., 2015). 
4.2.2 Insulation and Back Pan 
At the base of the air channel, there is 51 mm (2”) of extruded polystyrene (XPS) insulation 
(R-1.76) covered with an aluminum sheet which acts as a secondary absorber panel as well as the 
secondary plane for incidental water shedding. This insulation was provided by the manufacturer, 
however for building application, insulation that is accepted by the fire code must be used. The 
metal has a black coating to increase radiation absorption. A metal back pan is attached at the 
interior side of the insulation and serves as the final air-vapor barrier. Adhesive insulation (tape) 
is used at the side walls of the air channel, namely the mullion interior surface, in order to minimize 
lateral heat losses. This was to create a well insulated air channel and minimize side losses from 
the prototype, although this is not a typical CW insulation feature. 
Due to the large width of the prototype and in order to ensure uniform flow within the air 
channel (and to avoid flow convergence), four outlets of 25 cm x 5 cm were cut out on the top 
mullion, upon with a custom manifold was attached (Figure 4.4). 
 
Figure 4.4: Openings for the manifold 
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Figure 4.5 shows, from left to right, the prototype assembled and with PV panels in place, 
the location where the CW framing was cut away to accommodate the junction boxes, openings in 
the top horizontal framing for the air flow manifold, and a sheet metal flashing at the base for water 
drainage. Photos in Appendix B show the details of the construction and instrument installation 
for the experiments. Appendix C includes the product specification sheets for the materials used. 
 
Figure 4.5: Details of constructed prototype 
Although the prototype has the aforementioned adjustments for indoor laboratory testing, 
a number of resolutions were noted that would be required for a final product design. This includes 
a modified structural design based on system dimensions, PV wire management at the junction 
box, sealing of any additional penetrations and joints related to the PV wiring, type of air channel 
insulation and coating if aluminum backpans are not possible, and manifold location, orientation 




5. Experimental Testing In a Solar Simulator and Comparison with 
Model Predictions 
The following chapter presents the methodology and results for the experiments performed 
on the BIPV/T prototype described in Chapter 4. 
5.1 Experimental Setup 
Experimental testing of the BIPV/T prototype was carried out at the Solar Simulator and 
Environmental Chamber laboratory of Concordia University in Montreal, Canada (Figure 5.1). 
This facility is used for laboratory testing of solar thermal collectors, PV modules, and hybrid 
PV/T systems under varying ambient temperatures, irradiation levels and wind speeds. The Solar 
Simulator contains eight metal halide lamps which simulate sunlight, along with a ventilated 
artificial sky, which is located in front of the lamps. The artificial sky maintains a surface 
temperature of 13°C ±2°C and helps to remove the long-wave infrared radiation that the high-
temperature lamps emit. It consists of two low-iron glass panes with an anti-reflective coating. 
Cool air passes between the two panes to remove the infrared thermal effect and simulate the effect 
of the sky temperature. In this way, the lamps create a spectral distribution that complies with 
standards ISO 9806 and EN 12975 (CEN, 2006; ISO, 2017). The heat of the lamps can reach 27.6 
kW, so a cooling unit, located in the mechanical room adjacent to the testing space, takes away 
this heat. The position of each of the lamps can be adjusted, and they can be dimmed to a variety 
of radiation levels, in the range of 500 W/m2 to 1200 W/m2. The purpose of this is to allow for 
testing of a range of specimen sizes, thickness and to test at different radiation intensities. For the 
experiments conducted on the BIPV/T prototype, a radiation homogeneity of 94% was achieved, 
which is within the 15% deviation limit stated by ISO 9806 for solar thermal collectors, but not 
the 5% limit suggested by IEC 61215 for Class AAA solar simulators used for certification. Since 
the purpose of this work is experimental and is not certifying a product for performance 
characteristics, the homogeneity achieved is sufficient. 
The platform for the specimen is 2.4 m wide by 3.2 m long and can rotate from 0° to 90° 
to allow for testing of different configurations of building envelope elements. Since the prototype 
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represents a vertical curtain wall facade assembly, all experiments were carried out with the test 
bed at a vertical position. A fan that is positioned at the rear end of the test platform is used to 
replicate the effect of wind to study the effects of wind driven convection. The fan blows ambient 
air parallel to the specimen at a velocity of up to 14 m/s, and has an adjustable height. An air 
collector test stand unit collects air from the specimen at flow rates adjustable up to 600 kg/h (0.17 
kg/s). The ambient temperature of the facility is regulated at 21°C. A scanner is attached just over 
the test platform and can move across the surface on an x-y axis at 15 cm intervals. It is equipped 
with an anemometer for wind speed measurements and a pyranometer for radiation measurements.  
        
Figure 5.1: Solar simulation laboratory (Left) and vertical position of prototype during testing (right) (University, 
n.d.)  
A total of 97 thermocouples were placed throughout the prototype to monitor the 
temperatures of the PV surfaces, the air channel and the black absorber sheet (metal back pan) 
covering the insulation (Figure 5.2 and Figure 5.3). Of these, 85 t-type thermocouples were used 
to measure temperatures at the insulation and back pan, throughout the air channel and at the 
surface of the PV modules. Although this resulted in a large number of sensors in the air channel, 
the dimensions are such that their presence would not interfere with the airflow in a significant 
way. The remaining thermocouples were used for measurements at 3.5 cm above the module 
surfaces at the air inlets, outer framing surfaces, underside of the prototype (back of the insulation) 
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to determine heat losses of the framing and insulation to the ambient environment. Three RTD 
sensors were placed into the manifold to measure outlet air temperatures. 
 
Figure 5.2: Location of thermocouples shown in elevation (left) and four sections (right) 
 
Figure 5.3: Thermocouple setup inside of BIPV/T air cavity 
In each location, a rod was placed with 2 to 5 thermocouples along multiple heights (Figure 
5.4, left). The reason for this is to have accurate measurements of the air temperatures across the 
channel in a particular location, which will assist with model verification of local heat transfer 
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phenomena in the two-inlet BIPV/T system. At the location of each rod, at least one thermocouple 
was placed directly on the surface of the black absorber sheet, and one thermocouple was 
suspended in the air channel (Figure 5.4, right). 
   
Figure 5.4: Thermocouple heights in channel (left) and attachment method (right) 
This study discusses only the averages of air temperatures inside of the cavity (PV and 
center line air channel), since the values of most relevance are maximum PV module temperatures 
and the air temperatures at the outlet. Differences in the temperatures of the air layers along the 
cavity are more useful for specific modeling purposes. Finally, the manifold at the upper end of 
the prototype was connected to the air collector test stand unit, where flow rate of the air was 
adjusted and where final outlet air temperatures were measured. Table 5.1 presents additional 
information pertaining to the instruments used for measurements. 
Table 5.1: Details of the Instruments Used for Measurements 
Measurement Instrument Unit Accuracy 
Solar Irradiance Pyranometer mounted on 
scanner over PSE test 
platform  
W/m2 +-5% 
Air temperature at 
outlet 
RTD thermocouple °C +-0.06°C 
Air temperature at inlet Type T thermocouple °C +-0.5°C 
PV surface temperature Type T thermocouple °C +-0.5°C 
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Air flow rate PSE Air Collector Flow 
Meter 
kg/hr +-2% 
DC Voltage DS-100C IV Curve 
Tracer by Daystar Inc. 
V +-0.5% 
DC Current DS-100C IV Curve 
Tracer by Daystar Inc. 
A +-0.5% 
Wind speed   D12-65 Series hot film 
anemometer 
m/s +-0.2 m/s 
 
5.2 Scope of Experiments 
The following section describes the specific objectives of the experimental work and 
presents the testing cases. Because this curtain wall BIPV/T system is intended for facade 
applications, all tests were carried out in the vertical position. Furthermore, the prototype that was 
constructed for the experimental work is meant to be part of a larger facade system, so the air gap 
of 9.5 cm thickness is not meant for an optimal stand alone unit of approximately 2 square meters 
with just two PV panels. The following physical configurations were studied to understand their 
effect on the electrical and thermal performances of the prototype. They are visually represented 
in Table . 
• One inlet vs. two inlets for fresh air intake 
• The addition of an air director at the top inlet 
• 20% transparency vs. 12% transparency of the PV cells (66-cell vs. 72-cell modules, 
respectively. The 66-cell modules have a nominal output of 280 W and the 72-cell modules 
have a nominal output of 320 W.) 
The following variations of fan flow rates and solar irradiation were applied to each of the 
physical configurations mentioned above. They are the environmental parameters: 
• 3 different air flow rates (0.11 kg/s, 0.14 kg/s, and 0.17 kg/s. Respective air velocities are 
0.5 m/s, 0.62 m/s, and 0.74 m/s). Lower flow rates were not used since they result in 
average air velocities of less than 0.5 m/s inside of the air channel and begin to resemble 
natural convection, which is not being studied in this BIPV/T design. 
• 3 solar irradiation levels (839 W/m2, 989 W/m2, and 1109 W/m2) 
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In total, this resulted in 54 testing configurations. The reason for varying the fan flow rate 
and the radiation levels is for model verification purposes. The fan flow rates selected were limited 
by the air collector capabilities (maximum flow rate of 0.17 kg/s) and by rates at which natural 
convection occurs. The Reynolds number is a dimensionless ratio which describes the fluid flow 
regime inside a given geometry. It was calculated for all three flow rates to determine if flow was 
laminar or turbulent. In BIPV/T applications, turbulent flow is preferred to laminar flow because 
it enhances heat transfer between the fluid and the surrounding materials containing it. The 









 𝑅𝑒, Reynolds number; 
 𝜌 (kg/m3), density of the fluid medium, 1.2 kg/m3 for air; 
 𝜐 (m/s), average channel velocity, ranging from 0.5 m/s to 0.74 m/s;  
 𝐷ℎ (m), hydraulic diameter of the channel, in this case 0.18 m and 
 𝜇 (𝑃𝑎 ∗ 𝑠), dynamic viscosity, 18.13 ∗ 10-6 for air at 20°C. 
 The hydraulic diameter is defined as Dh= 4·Ac/p where Ac (m2) is the channel cross-
sectional area and p (m) is there perimeter. A Reynolds number less than 2300 indicates laminar 
flow in pipes and ducts (Owen and Kennedy, 2009). Taking into consideration that the geometry 
of the air channel in the prototype resembles two plane parallel surfaces, this value may be even 
lower. Table 5.2 shows the Reynolds numbers for the three flow rates selected for the experiments, 
suggesting that in all single-inlet cases, the flow is not laminar.  
Table 5.2: Reynolds numbers for varying air flow rates inside of the channel 
Mass flow rate (?̇?) Respective air velocity (𝝊) Reynolds number Regime 
0.11 kg/s 0.5 m/s 5957 Transitional/turbulent 
0.14 kg/s 0.62 m/s 7387 Transitional/turbulent 




Based on the experimental measurements, calculations were performed to obtain the values 
for the convective heat transfer coefficients (CHTC). A higher CHTC value is desired for an 
increase in heat transfer to the air. Table 5.3 shows average CHTC values for the entire collector 
operating at NOCT conditions, with 72-cell modules and a single inlet. The values were very 
similar for the other two radiation levels. There is not much change with varying flow, either. 
Combined convective and radiative top losses were approximately 18.5 to 20 W/m2K.  
Table 5.3: CHTC values for varying air flow rates inside of the channel at NOCT, for the 72-cell single-inlet 
configuration 
Mass flow rate (?̇?) hpv_surf (W/m2K) hback_surf (W/m2K) 
0.11 kg/s 3.82 6.71 
0.14 kg/s 4.50 7.62 
0.17 kg/s 5.29 8.53 
 
From an air velocity of 1 m/s to 2 m/s, the CHTC generally increases (Yang and Athienitis, 
2015). Ideally, the experiments would have included an air velocity of 2 m/s but setup limitations 
and prototype dimensions did not allow for this. 
Given the practical application intent of this design, results described in the next section 
are only for nominal operating cell temperature (NOCT) conditions, which reflect how PV systems 
are tested in the industry. NOCT parameters define a standard reference environment and are 
mentioned in the IEC 61215 standards for outdoor measurements. NOCT conditions specify and 
irradiance of 800 W/m2, an ambient temperature of 20°C and a wind speed of 1 m/s. The higher 
solar radiation levels approach standard testing conditions (STC), which represent more ideal 
settings, with an irradiance of 1000 W/m2.   
Table 5.4: Physical configurations of the prototype for testing 
66-cell modules 
Single-inlet: Double-inlet: Double-inlet, air  director: 
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72-cell modules 
Single-inlet: Double-inlet: Double-inlet, air  director: 
   
 
5.3 Experimental Results 
The following results show air temperature, PV surface temperature as well as electrical 
and thermal efficiency values for the prototype tested under conditions closest to NOCT, namely: 
839 W/m2 solar irradiation on the cell surface with an approximate uniformity of 94%, an ambient 
air temperature of 21°C ±1°C, and an average exterior wind speed of 1.1 m/s. This testing focused 
on the practical application of the system and does not include results for the other two solar 
irradiation values (989 W/m2, and 1109 W/m2) which were used to collect data for model 
verification purposes. 
To evaluate the conditions at steady state, the temperature values were plotted over the 
entire testing period. Only during the periods when steady state conditions were achieved were 
temperature values taken. The following points were considered during the analysis of the 
experimental data:  
• After reaching steady state, temperatures were recorded for ten minutes and then averaged. 
• The system is open-loop and the inlet temperature was equal to the ambient. 
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• The flow throughout the width of the air channel was assumed uniform based on flow 
velocity measurements 
• Temperature distributions on an axis perpendicular to the flow, for each level of 
measurement, showed very small variations. 
• Measurements taken with the RTD sensors placed in the manifold assume a fully mixed 
airflow 
The results discussed in the next sections will compare thermal efficiency, outlet 
temperature, maximum PV surface temperature and electrical efficiency to highlight the 
improvements of certain physical configurations over others. Graphs summarizing the results are 
shown in Appendix D. 
5.3.1 Thermal Efficiency 
The total thermal energy extracted by the air flowing through the BIPV/T channel extracts 
heat from both front and back surfaces, where Tout is the air temperature as measured in the 
manifold and Tin the ambient temperature: 
𝑄𝑎𝑖𝑟 =  ?̇?𝑐𝑝(𝑇𝑜 − 𝑇𝑖)  (5.2) 
where 
 𝑄𝑎𝑖𝑟 (W), thermal energy of the air exiting; 
 ?̇? (kg/s), mass flow rate of the air; 
 𝑐𝑝 (J/kgC), specific heat of the air; 
 𝑇𝑜 (C), Temperature of the air at the outlet and 
 𝑇𝑖 (C), Temperature of the air at the inlet. 
Taking into account the solar radiation (G = 839 W/m2) and the area of the collector, which 









 𝜂𝑡ℎ(%), thermal efficiency of the collector; 
 𝑄𝑎𝑖𝑟 (W), thermal energy of the air exiting the collector; 
 𝐺 (W/m2), solar radiation and 
 𝐴 (m2), total surface area of the collector. 
 For the 72-cell module system, the single inlet configuration shows the lowest thermal 
efficiency of 20.1% - 26.1% with varying flow rate. The double inlet configuration exhibited a 
thermal efficiency range of 22.6% - 29.8% and this increased to 24.5% - 30.3% when the air 
director was added. This means that a double-inlet system with an air director has an approximate 
thermal efficiency increase of 3.1% - 4.2% over the single-inlet configuration. For the 66-cell 
module system, the thermal efficiency increased by 0.7% - 2.3% as compared to the 72-cell 
modules. This is due to an increased transparency of the modules, allowing more radiation to be 
absorbed by the dark back pan. However, as discussed later in this section, this improvement comes 
with a decrease in electrical efficiency.  
Based on the accuracy of the sensors used for the measurements, the calculations have a 
margin of error up to 0.64% for the electrical efficiency and 2.86% for the thermal efficiency 
(Appendix E).  
Table 5.5: Thermal efficiency of the BIPV/T prototype 
Configuration 66-cell 72-cell 
Flow rates 0.11kg/s 0.14kg/s 0.17kg/s 0.11kg/s 0.14kg/s 0.17kg/s 
Single-inlet 23.6% 24.7% 27.3% 21.4% 23.6% 26.1% 
Double-inlet 23.4% 28.4% 31.9% 22.6% 26.3% 29.8% 
Double-inlet, air director  25.7% 29.2% 32.3% 24.5% 27.8% 30.3% 
 
5.3.2 Air Temperatures in Channel 
 The highest rise in air temperature (from inlet to outlet) was observed in the double-inlet 
configuration with the air director of the 72-cell module system. For this configuration, the lowest 
flow rate experienced a 6.7°C change while the highest flow rate produced a change of 8.2°C. The 
double-inlet configuration produced temperature rises in the range of 6.6°C – 7.5°C and the range 
for the single-inlet configuration was 5.8°C – 7.1°C. Similarly to the thermal efficiency results, 
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the 66-cell module system also showed higher outlet temperature for the air channel temperatures 
compared to the 72-cell modules.  
Table 5.6: Air temperature rise within BIPV/T prototype air channel 
Configuration 66-cell 72-cell 
Flow rates 0.11kg/s 0.14kg/s 0.17kg/s 0.11kg/s 0.14kg/s 0.17kg/s 
Single-inlet 7.9°C 6.6°C 6.0°C 7.1°C 6.3°C 5.8°C 
Double-inlet 7.8°C 7.6°C 7.1°C 7.5°C 7.0°C 6.6°C 
Double-inlet, air director  8.5°C 7.8°C 7.2°C 8.2°C 7.4°C 6.7°C 
 
5.3.3 PV Surface Temperatures 
 The single-inlet configuration showed results for highest peak PV surface temperatures. 
This was pronounced in the top row of cells of the top module. In Figure 5.5, the representative 
photograph (left), and the infrared images show steady state conditions for the 72-cell single-inlet 
configuration with a flow rate of 0.11 kg/s (middle) and for the 66-cell single-inlet configuration 
with a flow rate of 0.17 kg/s (right).  
       
Figure 5.5: Photograph (left) and infrared images of prototype. The photo in the center shows a test in progress 
for the 72-cell, single-inlet configuration with a flow rate of 0.11 kg/s. The photo on the right shows a test in 
progress for the 66-cell, double-inlet configuration with a flow rate of 0.17 kg/s.  
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 The difference between the single-inlet and double-inlet configurations here is that opening 
a second passage for air lowered the incoming flow of air at both locations, which means that the 
bottom PV panel in the single-inlet configuration experienced overall lower temperatures than the 
top panel as opposed to the double-inlet configurations. This temperature change is approximately 
0.8°C.  
 The double-inlet configuration showed lower peak PV temperatures and the addition of the 
air director lowered these values even further. The best case is the double-inlet configuration with 
the air director at a flow rate of 0.17 kg/s, with an average maximum PV temperature of 52°C for 
the 66-cell modules. The worst case is the single-inlet configuration of the 72-cell modules, at a 
flow rate of 0.11 kg/s, with an average maximum PV temperature of 57°C. 
Table 5.7: Maximum PV temperatures of the BIPV/T prototype 
Configuration 66-cell 72-cell 
Flow rates 0.11kg/s 0.14kg/s 0.17kg/s 0.11kg/s 0.14kg/s 0.17kg/s 
Single-inlet 59.4°C 57.1°C 55.3°C 56.8°C 56.0°C 54.7°C 
Double-inlet 58.1°C 56.1°C 53.4°C 56.6°C 55.6°C 53.7°C 
Double-inlet, air director  55.6°C 54.3°C 52.1°C 55.4°C 54.2°C 53.0°C 
 
5.3.4 Electrical Efficiency 
Electrical efficiency was obtained by dividing the total electrical output of both PV panels by the 




  (5.4) 
where 
 𝜂𝑒𝑙(%), electrical efficiency of the PVs; 
 𝐸𝑒𝑙 (W), electrical power produced by the PVs; 
 𝐺 (W/m2), solar radiation and 
 𝐴 (m2), total surface area of the collector.  
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 Data from IV-curves taken for each individual PV module during steady state conditions 
was added to obtain the electrical output used in obtaining the electrical efficiency. The PV panels 
were connected in parallel but measured individually since the load used in the experiment could 
not take on the combined wattage.  
Table 5.8: Electrical efficiency of the BIPV/T prototype 
Configuration  66-cell 72-cell 
Flow rates 0.11kg/s 0.14kg/s 0.17kg/s 0.11kg/s 0.14kg/s 0.17kg/s 
Single-inlet 11.22% 11.36% 11.42% 12.62% 12.66% 12.74% 
Double-inlet 11.34% 11.41% 11.47% 12.64% 12.66% 12.77% 
Double-inlet, air director  11.38% 11.40% 11.48% 12.65% 12.70% 12.72% 
 
5.3.5 Summary of results 
Preliminary results for the NOCT testing conditions showed combined electrical and 
thermal efficiencies of up to 38.9% and 43.8% for the single and the double inlet configurations 
respectively. The double-inlet configurations performed best at all times, with 2% - 5% higher 
thermal efficiencies, 3°C – 4°C lower maximum PV temperatures, as well as marginally higher 
electrical efficiencies. Depending on the flow rate, the temperature rise inside the air channel 
varied from 6°C to 8.5°C for a 2 m long air channel, and it was approximately 1°C higher for the 
cases of the double-inlet configurations. The 66-cell modules had a slightly higher thermal 
efficiency due to the higher transparency, compared with the 72-cell modules. This thermal gain, 
however, was at a cost of the electrical efficiency. 
It should be mentioned that the combined efficiencies mentioned previously, were 
calculated assigning the same value for relative electricity, which is high grade energy, and heat, 
which is low grade energy. In assessing the overall performance, or equivalent thermal efficiency, 
of a hybrid PV/T system, the value of electricity can be considered four times higher than that of 
heat (Athienitis et al., 2010). 
The charts in Figure 5.6 summarizes the prototype’s performance at NOCT conditions with 
a channel flowrate of 0.14 m/s, as an example. The electrical efficiency of the 72-cell configuration 
is higher than the 66-cell configuration due to a larger coverage of the surface with solar cells, but 
has a slightly reduced thermal efficiency due to overall higher PV surface temperatures. In both 
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cases, it is observed that the addition of a second inlet improves the combined performance of the 
system. However, if the prototype was not limited in size to just two panels, the results would 
likely show more drastic changes between the single inlet and multiple inlet configurations for 
taller systems. 
 






This research presents the design considerations for an open-loop, air-based BIPV/T facade 
system based on requirements for building envelope performance and energy generation. While 
there have been advancements in optimizing the electrical and thermal performance of BIPV/T 
systems through comprehensive modeling and experimentation, the technology is not yet a viable 
cladding option, lacking design tools, comprehensive standards and established assembly methods. 
Information on installation and maintenance of BIPV and BIPV/T facades was gathered, and 
relevant standards from the electrical and building industries were listed.  
Using the resulting data from literature in terms of BIPV/T performance and cladding 
design criteria, a curtain wall BIPV/T facade was conceived and developed through three novel 
case studies. Each case study focused on a different aspect of the design. The Courthouse project 
encouraged a careful look at which curtain wall features would complement the BIPV/T retrofit 
design, while the Solar Decathlon and IC-Impacts projects addressed system implementation on 
roofs, both new and existing. Guidelines for the development of a BIPV/T energy performance 
standard were also suggested in Section 3.6.3. Standards such as EN 61215, EN 61730 and UL 
4703 for PV performance, EN 50583 (1 and 2) for BIPV performance, and ISO 9806 for solar 
thermal collectors were suggested for consideration in a BIPV/T standard. 
Additionally, a prototype based on the curtain wall design was developed and constructed 
for characterization testing under NOCT conditions at an indoors solar simulator facility. The 
testing included a single and a double inlet configuration. The results showed a highly efficient 
BIPV/T envelope system with combined electrical and thermal efficiencies in the range of 40%. 
The double-inlet system performed better than the single in terms of electrical and thermal 
efficiency, as well as maximum PV temperatures. Initial testing indicated that thermal output 
increased by up to 18% with the addition of a second inlet in the prototype, while peak PV 
temperatures decreased by up to 3°C. Electrical output was marginally increased in the multiple 
inlet configuration (as opposed to the single-inlet system). These differences are expected to be 
greater in large scale applications, which is the intent of application for this system design.  
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The prototype shows the practical approach of a conventional cladding, while the case 
studies allow for the resolution of issues such as system sizing and layout, constructability, and 
integration with existing building components. 
6.1 Contributions 
 This work combines architectural experience with engineering innovation to critically 
assess BIPV/T design needs from a building envelope, electrical and thermal performance aspect. 
Specifically, the following contributions are provided: 
• A literature review of BIPV/T development and enhancements 
• A review of existing standards for both the PV and building industry 
• A summary of installation methods, maintenance techniques and potential challenges of 
initiating and keeping BIPV and BIPV/T systems 
• Three novel case studies incorporating BIPV/T designs into potential of existing facades: 
o Courthouse Building with BIPV/T facade retrofit 
o Solar Decathlon – Deep Penetration Dwelling BIPV/T roof design 
o IC-Impacts – Modelling of BIPV/T roofs for low-rise residential buildings 
• A summary and comparison of the case studies, including key parameters and constraints 
• A proposal of a BIPV/T design methodology based on an analysis of the existing case 
studies and with the goal of moving from custom installations to standard and accessible 
assemblies 
• Proposal of inclusion of certain standards into a BIPV/T performance standard 
• Development of BIPV/T curtain wall prototype for construction and testing 
• Experimental investigation of the prototype, including thermal enhancements, for base 
characterization 
Two conference papers were published on this work: 
1) Kruglov, O., Rounis, E.D., Athienitis, A.K., Ge, H., 2017. Experimental investigation and 
implementation of a multiple-inlet BIPV/T system in a curtain wall. Proceedings of the 
15th Canadian Conference on Building Science and Technology (CCBST), Vancouver. 
2) Kruglov, O., Rounis, E.D., Athienitis, A.K., Lee, B., Bagchi, A., Ge, H., Stathopoulos, T., 
2018. Modular Rooftop Building-Integrated Photovoltaic/Thermal Systems for Low-Rise 
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Buildings in India. Proceedings of the 12th International Conference on Solar Energy for 
Buildings and Industry (EuroSun 2018), Rapperswil. 
6.2 Recommended future work 
Prototype testing, which has been completed, up to this point provides some initial 
characterization information, but focuses primarily on the effects of changing the inlet 
configuration and the air flow. Constraints that would apply in actual construction should be 
included as parameters in the testing. Specifically, necessary installation changes that may be 
likely to occur and that may affect the air flow inside of the channel should be considered.  
Additional parameters that should be studied in terms of their effect on the electrical and 
thermal efficiency of the system include: 
• Installation of fins inside of the air channel 
• The use of meshes at inlets (necessary for bird and insect protection) 
• Varying the air channel depth while maintaining the full system thickness 
• Configuration of the manifold due to potential limitations of floor height and space 
availability (Figure 6.1) 
• The use of different types of insulations, such as mineral wool 
   
Figure 6.1: Vertical manifold configuration that was tested (left) and horizontal manifold configuration as a 
future testing option (right) 
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Future work that is not focused on the PV performance aspect of the prototype would 
include testing the prototype for water management per an existing standard such as the rain 
penetration test in ASTM E331. Diagnostic water testing to determine problem areas should be 
included along with this. Adding the prototype to a fully enclosed test hut which is located inside 
of an environmental chamber is currently ongoing (Figure 6.2). Possible testing for the passive 
thermal and moisture properties of the system as an envelope component is one option for this 
setup. 
 
Figure 6.2: BIPV/T prototype as part of a facade on an enclosed test hut for thermal testing 
Finally, further analysis of the data resulting from the electrical and thermal performance 
testing can be incorporated into a parametric modeling program for architects to be able to use this 
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Appendix A: Electrical, Solar Thermal and Building Standards  
* Indicates that the standard is referenced in EN 50583. 
**Indicates that the standard is referenced in AC 365. 
Table A.1: PV/Electrical standards by issuing committee 
Issuing Committee Name Description 
IEC  IEC 61215  
(EN 61215)* 
Crystalline silicon terrestrial photovoltaic (PV) modules: Design 
qualification and type approval 
IEC 61277 Terrestrial Photovoltaic (PV) Power Generating Systems 
IEC 61345 UV Test for Photovoltaic (PV) Modules 
IEC 61701 Salt mist corrosion testing of photovoltaic (PV) modules 
IEC 62759 Photovoltaic (PV) modules – Transportation testing 
IEC 62782 Photovoltaic (PV) modules – Cyclic (dynamic) mechanical load testing 
IEC 62716 Photovoltaic (PV) modules – Ammonia corrosion testing 
IEC 62804 Photovoltaic (PV) modules – Test methods for the detection of potential-
induced degradation 
IEC 62109 Safety of power converters for use in PV power systems 
IEC 61730* Standard for PV module safety and mechanical resistance 
IEC 61853  
(1, 2, 3, 4) 
Photovoltaic (PV) module performance testing and energy rating 
IEC 62116 Test of anti-islanding protections 
IEC 60904 Photovoltaic Devices Part 1: Measurement of Photovoltaic Current-
Voltage Characteristics 
IEC 62108 Concentrator PV modules and assemblies 
IEC Installation 
Codes 
IEC 62234 Safety Guidelines for Grid Connection PV Systems Mounted on Buildings 
IEC 60364-7-
712 
Electrical Installations, amended to include PV install 
IEC 61727 Characteristics of the utility interface 
IEC 61724 PV system performance monitoring 
UL UL 1703** Flat plate PV modules and panels 
*Note: updated standard published in Oct. 2014 treats PV modules and 
roofing materials as integrated building elements, change is expected to be 
in the newer versions of the IBC 
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UL 1741 Inverters, Converters, Controllers and Interconnection System Equipment 
for Use with Distributed Energy Resources 
UL 4703 Standard for Photovoltaic Wire 
EN EN 50380* Datasheet and nameplate information for PV modules 
EN 61082* Preparation of documents used in electrotechnology 
EN 62446* Grid connected PV systems 
CSA  
Inverter standard 
CSA 107.1 Power conversion equipment 
(Sections added to “General Use Power Supplies” for PV inverters) 
IEEEE Monitoring 
performance 
IEEE P 1547.3 Standard for Interconnecting Distributed Resources with Electric Power 
Systems 
 
Table A.2: Solar thermal standards by issuing committee  
Issuing Committee Name Description 
ISO ISO 9806 Solar thermal collectors – test methods 
 
ISO 9553 Methods of testing preformed rubber seals and sealing compounds used in 
collectors 
 ISO 9459 Solar heating – Domestic water heating systems 
 
Table A.3: Building standards by issuing committee 
Issuing Committee Name Description 
EN EN 12179* Curtain walling – Resistance to wind load – test method 
EN 13830* Curtain walling – product standard 
EN 13501-1* Fire safety 
EN 13116* Curtain walling – resistance to wind load 
EN 15601* Rain penetration testing 
EN 13022* Glass in Building: Structural Sealant Glazing 
EN 12600* Glass in Building: Pendulum test 
EN 12758* Protection against noise 




EN 356 Glass in Building: Security glazing – Testing and classification of resistance 
against manual attack 
EN 673* Glass in Building: Determination of thermal transmittance (U Value) – 
Calculation method 
EN 571  
(1, 2, 5, 8, 9) 
Glass in Building: Basic soda lime silicate glass products 
EN 1748  
(1, 2) 
Glass in Building: Special basic products 
EN 13024  
(1, 2) 
Glass in Building: Thermally toughened borosilicate safety glass 
EN 1279* Glass in Building: Insulating Glass Units 
EN 1288  
(1, 2, 3, 4, 5) 
Glass in Building: Determination of the bending strength of glass 
EN 12488* Glass in Building: Glazing recommendations – Assembly principles for 
vertical and sloping glazing 
EN 12578* Glass in Building: Glazing and airborne sound insulation 
EN 12600* Glass in Building: Pendulum test – Impact test method and classification for 
flat glass 
EN 16002* Flexible sheets for waterproofing – Determination of the resistance to wind 
load of mechanically fastened flexible sheets for roof waterproofing 
EN 13956* Flexible sheets for waterproofing – plastic and rubber sheets for roof 
waterproofing 
EN 14449* Glass in Building: Laminated glass and laminated safety glass 
  
EN 14782* Self-supporting metal sheet for roofing, external cladding and internal 
lining. Product specification and requirements 
EN 14783* Fully supported metal sheet and strip for roofing, external cladding and 
internal lining. Product specification and requirements 
EN 12519* Windows and pedestrian doors - Terminology 
EN 15804* Sustainability of construction works - Environmental product declarations 
EN 15978* Sustainability of construction works – Assessment of environmental 
performance of buildings 
EN 13363* Solar protection devices combined with glazing – Calculation of solar and 
light transmittance 
ISO ISO 3585 Borosilicate glass 3.3 – Properties 
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ISO 52016 Energy performance in buildings – Energy needs for heating and cooling, 
internal temperatures and sensible and latent heat loads 
ISO 12631* Thermal performance of curtain walling – Calculation of thermal 
transmittance 
ISO 16293 Glass in building: Basic soda lime silicate glass 
ISO 12543 * 
(1,2,3,4,5,6) 
Glass in building: Laminated glass and laminated safety glass 
AAMA AAMA 501 Test methods for exterior walls 
AAMA 501.4 Recommended static test method for evaluating curtain wall and storefront 
systems subjected to seismic and wind induced interstory drifts 
AAMA 501.6 Recommended dynamic method test method for determining a seismic drift 
causing glass fallout from a wall system 
AAMA 502 Voluntary specification for field testing of windows and sliding glass doors 
AAMA 503 Voluntary specification for field testing of metal storefronts, curtain walls 
and sloped glazing systems 
AAMA 850 Fenestration Sealants Guide Manual 
AAMA 1503 Voluntary test method for thermal transmittance and condensation resistance 
of windows, doors and glazed wall sections 




Design wind loads and boundary layer wind tunnel testing 
AAMA CW-
RS-1 
The rainscreen principle and pressure equalized wall design 
ASTM ASTM C1172 Standard Specification for Laminated Architectural Flat Glass 
ASTM 
D3161** 
Test method for wind resistance of asphalt shingles 
ASTM 
D3746** 
Test method for impact resistance of bituminous roofing systems 
ASTM E84 Test method for surface burning characteristics of building materials 
ASTM 
E108** 
Test methods for fire tests of roof coverings 
ASTM E283 Standard test method for determining rate of air leakage through exterior 
windows, curtain walls, and doors under specified pressure differences 
across the specimen 
107 
 
ASTM E330 Standard test method for structural performance of exterior windows, 
curtain walls, and doors by uniform static air pressure difference 
ASTM E331 Standard test method for water penetration of exterior windows, skylights, 
doors and curtain walls by uniform static air pressure difference 
ASTM E547 Standard test method for water penetration of exterior windows, skylights, 
doors and curtain walls by cyclic static air pressure difference 
ASTM E1105 Standard test method for water penetration of installed exterior windows, 
curtain walls, and doors by uniform or cyclic static air pressure difference 
ASTM E1233 Standard test method for structural performance of exterior windows, 
curtain walls and doors by cyclic static air pressure differential 
ASTM E1887 Standard test method for performance of exterior windows, curtain walls, 
doors and storm shutters impacted by missiles and exposed to cycle pressure 
differentials 
ASTM E1996 Standard specification for performance of exterior windows, curtain walls, 
doors and storm shutters impacted by windborne debris in hurricanes 
ASTM E2010 Standard test method for positive pressure fire test for window assemblies 
ASTM E2188 Standard test method for insulating glass unit performance 
ASTM E2190 Standard specification for insulating glass unit performance and evaluation 
ASTM F1233 Standard Test Method for Security Glazing Materials and Systems 
NFRC NFRC 100 Procedure for determining fenestration product U-factors 
 NFRC 400 Procedure for determining fenestration product air leakage 
 NFRC 500 Procedure for determining fenestration product condensation resistance 
values 
NFPA NFPA 285 Standard fire test method for evaluation of fire propagation characteristics of 




Fenestration energy performance 
UL UL 790** Standard test methods for fire test of roof coverage 
UL 580** Test for uplift resistance of roof assemblies 





Appendix B: Photographs of Prototype Construction 
 
Framing assembly at Unicel shop 
 




Framing without insulation PV modules 
 
Prototype without insulation and backpan, 





Thermocouples installed over insulation and 
absorber in channel 
 
Assembly of the manifold 
 
 





Appendix C: Product Specification Sheets 












Appendix D: Results of Experimental Work 
Thermal efficiency results - 72-cell configuration: 
 



























Mass flow rate per collector area (kg/m2 s)
Thermal efficiency comparison


























Mass flow rate per collector area (kg/m2 s)
Thermal efficiency comparison
Single inlet Double inlet Double inlet (flow director)
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Air temperatures in channel - 72-cell configuration: 
 




























Mass flow rate per collector area (kg/m2 s)
Channel air temperature rise comparison


























Mass flow rate per collector area (kg/m2 s)
Channel air temperature rise comparison
Single inlet Double inlet Double inlet (flow director)
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Maximum PV temperatures - 72-cell configuration: 
 
























Mass flow rate per collector area (kg/m2 s)
Max TPV comparison






















Mass flow rate per collector area (kg/m2 s)
Max TPV comparison
Single inlet Double inlet Double inlet (flow director)
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Electrical efficiency results - 72-cell configuration: 
 























Mass flow rate per collector area (kg/m2 s)
Electrical efficiency comparison























Mass flow rate per collector area (kg/m2 s)
Electrical efficiency comparison
Single inlet Double inlet Double inlet (flow director)
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Appendix E: Measurement Uncertainties 
The uncertainty for electrical efficiency is affected by the voltage and current measurements, and 





























∗ (𝐺 ∗ 0.05)2
   
The uncertainty for thermal efficiency is affected by the air mass flow rate, inlet and outlet air 






















∗ (𝐺 ∗ 0.05)2  
The table below shows uncertainty values for the different module configurations and varying flow 
rates. The highest electrical efficiency uncertainty is 0.64% and the highest thermal efficiency 
uncertainty is 2.86%. 
66-cell  72-cell 
  Air flow rate 𝜼𝒆𝒍 𝜼𝒕𝒉    Air flow rate 𝜼𝒆𝒍 𝜼𝒕𝒉 
Single 
400 0.56% 1.98% 
 
Single 
400 0.63% 1.90% 
500 0.57% 2.31% 
 500 0.64% 2.28% 
600 0.57% 2.71% 
 600 0.64% 2.67% 
Double 
400 0.57% 1.97% 
 
Double 
400 0.64% 1.94% 
500 0.57% 2.43% 
 500 0.64% 2.36% 
600 0.58% 2.85% 









400 0.64% 2.01% 
500 0.57% 2.46% 
 500 0.64% 2.41% 
600 0.50% 2.86% 
 600 0.64% 2.80% 
 
